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PREFACE

U.S. Geological Survey Professional Paper 1438 is
one volume of a five-volume series on the geology,
paleontology, and mineral resources of the Blue
Mountains region in eastern Oregon, western Idaho,
and southeastern Washington. This professional pa-
per deals specifically with petrology and tectonic evo-
lution. Other professional papers in the series include
Professional Paper 1435 on paleontology and bio-
stratigraphy, Professional Paper 1436 on the Idaho
Batholith and its border zone, Professional Paper
1437 on Cenozoic geology, and Professional Paper
1439 on stratigraphy, physiography, and mineral re-
sources. The purpose of these volumes is to familiar-
ize readers with work that has been completed in the
Blue Mountains region and to emphasize the region's
importance for understanding island-arc processes
and the accretion of an allochthonous terrane to a
continent. These professional papers provide current
interpretations of a complex island-arc terrane that
was accreted to ancient North America in the late
Mesozoic Era, of a large batholith that was emplaced
after accretion had occurred, and of overlying Cenozo-
ic volcanic rocks that were subsequently uplifted and
partly stripped off the older rocks by erosion.

Modern island arcs are not well understood, and
even less so are ancient arcs that have been de-
formed, metamorphosed, and subsequently accreted
to continents. We have learned that characteristics of
modern arcs change significantly both along and
across the arcs’ axes and that studies of arc frag-
ments are less than satisfactory because they gener-
ally do not characterize an entire arc. For example,
the landward trench slopes of arcs can differ greatly,
depending on whether materials from the descending
slab are being accreted or the slope is being tecton-
ically eroded; which process dominates apparently is
related to the volume of sediment in the adjacent
trench and the vector of plate convergence. In addi-
tion, some arcs (Aleutian) have broad, long, and sedi-
ment-filled fore-arc basins, whereas in others (Tonga-
Kermadec) the fore-arc insular slopes descend precip-
itously to trench depths and are only interrupted in

places by narrow fault-bounded terraces. Moreover,
some arcs (Tonga-Kermadec) have erupted primarily
tholeiitic igneous products throughout their histories,
and others (Aleutian) have a long history of both calc-
alkaline and tholeiitic eruptive activity. Ridge axes of
island arcs may be narrow or broad, and in some arcs
(Solomons and Vanuatu), the axial regions have ex-
tended to form deep bathymetric and sedimentary ba-
sins. Even back-arc basins have different origins and
histories of development. Some (Mariana Trough and
Lau Basin) have active spreading ridges, whereas
others (Aleutian basin) are floored by ancient oceanic
crust that was trapped behind the arc.

Because our knowledge of the diverse processes
within modern arcs is limited, it becomes even more
important to study ancient analogs. Just by the na-
ture of their on-land exposures, ancient arcs can pro-
vide insights into sedimentary facies, magmatic
evolution, and deep crustal processes that can only be
studied in modern arcs by geophysical methods,
dredging, and drilling. Few ancient island arcs have
exposures as well developed and as extensive as
those in the Blue Mountains region. Particularly
spectacular and helpful are outcrops provided by in-
tensive stream erosion, which has left some canyon
walls more than 2 km deep (Snake River canyon west
of the Seven Devils Mountains).

Most earth scientists who have worked in the Blue
Mountains region agree that pre-Tertiary rocks there
form one or more allochthonous terranes. The impor-
tance of such terranes in the evolution of circum-Pa-
cific continental margins has been recognized for
more than a decade, but many complex questions re-
main. For example, how, when, and where did most
of the circum-Pacific allochthonous terranes form?
How did they accrete to continents? What are the
mechanisms of amalgamation processes during ter-
rane. formation and transport? And, perhaps most
importantly, what are the effects of these processes
on mineral and hydrocarbon resources? While these
volumes provide some answers, the data and inter-
pretations contained in them will no doubt raise new
and equally intriguing questions for future genera-
tions of earth scientists.
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ABSTRACT

The Permian Canyon Mountain Complex of northeastern Oregon
has many attributes of ophiolites, including a stratified structure
and characteristic lithologic succession. The stratigraphic sequence
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consists of a basal harzburgite tectonite overlain successively by an
ultramafic-to-mafic cumulate member (penetratively deformed in
the eastern part of the complex and undeformed in the western
part), and an upper sheeted member (plagiogranites, mafic dikes
and sills, and keratophyres). The majority of the keratophyres ap-
pear to have formed prior to the sheeted member and may represent
part of a Permian island arc. The tectonite and metamorphosed
cumulate rocks are cut by undeformed isotropic gabbro, which may
be cogenetic with the layered cumulate gabbros and possibly some
of the mafic dikes. However, because clinopyroxenes from basaltic
rocks of the sheeted member differ (lower Ca contents and higher
Fe/Mg ratios) from those in the gabbros, it is probable that most of
the mafic dikes were emplaced during a separate event. Field rela-
tions and %CAr/3%Ar age determinations demonstrate that the pla-
giogranites, mafic dikes, and some keratophyres were emplaced in
the sheeted member more or less contemporaneously at about 260
Ma. U-Pb zircon geochronology for a single high-level cumulate gab-
bro (Walker, 1986) suggests a time interval of perhaps 15 m.y. be-
tween formation of the gabbro and emplacement of the sheeted
member. The mafic dikes, sills, and minor flows apparently formed
by partial melting of a source that was strongly depleted with
respect to incompatible trace elements. A source resembling that for
midocean-ridge basalt (MORB) from which melts had been previous-
ly extracted is plausible. The plagiogranite suite appears to have
been derived by hydrous partial melting of a mafic source rock (such
as amphibolite), possibly representing subducted oceanic crust.
Thus, the Canyon Mountain Complex appears to be a composite
body whose members formed over a significant period of time, pos-
sibly in different tectonic settings; there is no compelling reason to
propose a cogenetic relation between magmas of the sheeted mem-
ber and other rocks of the complex. For the mafic magmas, discrim-
inant diagrams indicate transitional affinities between ocean-floor
and primitive island-arc basalts. However, striking depletions in Ta
and Hf, relative to other incompatible elements, suggest a subduc-
tion-related volcanic-arc (or possibly fore-arc or marginal-basin) set-
ting for their origin.

INTRODUCTION

Participants at a Penrose Field Conference conclud-
ed that ophiolites are pseudostratified rock assem-
blages (Anonymous, 1972) comprising four diagnostic
lithologic units or members—from bottom to top, an
ultramafic member, a gabbroic member, a mafic sheet-
ed-dike complex, and a mafic volcanic complex—as
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well as associated minor rock types that commonly
are found in ophiolites. These associated rock types
include chromitites, sodic felsic intrusive and extru-
sive rocks (such as trondhjemites, keratophyres), and
sedimentary rocks (such as chert, shale, limestone).
Although no genetic significance was intended in the
Penrose Conference definition, many geologists con-
sider ophiolites to have formed at midocean spreading
centers (see Coleman, 1981). In recent years, the rec-
ognition that ophiolites have quite varied characteris-
tics has led to alternative interpretations of their
tectonic settings and processes of formation.

One or more of the four key lithologic members
may be absent in surface exposures of some ophio-
lites as a result of tectonic disruption. However,
many apparently intact ophiolite complexes lack one
or more of these units, or have units that are similar
but occur in uncharacteristic style. For example, the
Point Sal ophiolite (southern California) has a sill
member but no dike member (Hopson and Frano,
1977). The (informal) Sparta (ophiolite) complex of
eastern Oregon is characterized by an unusually
large proportion of silicic intrusive rocks (Prostka
and Bateman, 1962; Phelps, 1978, 1979); in fact, non-
trivial volumes of felsic igneous rocks are associated
with most so-called ophiolites in Oregon and Califor-
nia (Bailey and Blake, 1974). Coleman and Peterman
(1975) designated such silicic intrusive rocks as “oce-
anic plagiogranites” and proposed that they formed
by extensive fractional crystallization of basaltic
magmas at midocean ridges.

Alternative tectonic environments proposed to ac-
count for the now-recognized ophiolite variants in-
clude actively spreading back-arc basins such as the
Marianas (Karig, 1971), leaky transform faults such
as the Cayman Trough (Thompson and others, 1980;
Holcombe and Sharman, 1983), and island arcs such
as Tonga (Ewart and Bryan, 1972). The uncertainty
over tectonic setting is well illustrated by the various
interpretations of the Troodos ophiolite (Cyprus); an
island-arc origin is suggested on the basis of geochem-
ical and petrologic data (see Miyashiro, 1973; McCul-
loch and Cameron, 1983; Robinson and others, 1983),
but this model has been widely contested (for exam-
ple, Hynes, 1975; Moores, 1975; Church and Coish,
1976). Multiple magmatic suites that may have origi-
nated in different tectonic settings and (or) at differ-
ent times have been recognized in some cases (see
Coleman, 1977; Thayer, 1977b), including the Betts
Cove (Coish and others, 1982), New Caledonia (Dupuy
and others, 1981), Troodos (Robinson and others,
1983; Schminke and others, 1983), Vourinos (Noiret
and others, 1981; Beccaluva and others, 1979), Pindos
(Capedri and others, 1980), and Oman ophiolites (Ala-

baster and others, 1982). Juxtaposition of coherent
stratal sequences formed in distinct settings may be
more the rule than an exception in convergent-margin
tectonic zones (Moores and others, 1984).

The Canyon Mountain Complex, Sparta complex,
and several other possible ophiolite fragments occur
in the Blue Mountains province of northeastern Ore-
gon (see Mullen, 1985). This province consists of five
tectonostratigraphic terranes (Silberling and Jones,
1984) believed to have formed at indeterminate dis-
tances from the North American craton and then to
have been accreted to the craton at later times (see
Coney and others, 1980). In order to reconstruct the
plate tectonic evolution of these terranes, it is neces-
sary to understand the original tectonic settings of
ophiolite remnants preserved in suture zones sepa-
rating the terranes.

The Canyon Mountain Complex is the best exposed
and most completely preserved ophiolite in the prov-
ince. Herein, we review published petrologic, geo-
chemical, and structural data, and present new
geochemical data for this body, especially for the ba-
saltic components. We specifically address the petro-
genesis of felsic and mafic magmas associated with
the sheeted member and late-stage intrusions, and
the geochemical constraints on the type of tectonic
setting in which these rocks formed. To further eluci-
date ages of formation, we also present new radio-
metric ages for samples from the Canyon Mountain
Complex and Sparta complex.
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REGIONAL GEOLOGIC SETTING

Postulated remnants of ophiolites occur throughout
the Blue Mountains province of northeastern Oregon
and adjacent areas of Idaho. Their bearing on region-
al tectonic interpretations is discussed within the
context of four of the five tectonostratigraphic ter-
ranes of the province. From north to south, these are
the Wallowa, Baker, Izee, and Olds Ferry terranes
(Silberling and Jones, 1984; the fifth terrane, the
Grindstone, will not be discussed in this chapter). An
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oceanic affinity is inferred for these terranes on the
basis of their internal geology and the fact that the
igneous rocks within each terrane are characterized
by initial Sr isotopic compositions (87Sr/86Sr) at or
below 0.704 (Armstrong and others, 1977). There is
no compelling evidence for the presence of old conti-
nental crust within the province.

The Wallowa terrane (formerly called the Seven
Devils terrane by Dickinson, 1979) consists of Permi-
an and Upper Triassic volcaniclastic and volcanic
rocks with affinity to low-KoO basalt-andesite-dacite-
rhyolite suites typical of present-day island arcs (Val-
lier and Batiza, 1978). In three areas in the Snake
River canyon (Vallier, 1974), the volcanic rocks overlie
gabbro, plagiogranite, and diabase of Permian to Tri-
assic age (Balcer, 1980; Walker, 1981, 1982); contacts
between the plutonic and volcanic rocks are intrusive
or tectonic. The supposed basement exposures in the
Snake River canyon are lithologically similar to the
Late Triassic Sparta complex (fig. 1.1), which is usu-
ally included in the Baker terrane. Phelps (1978,
1979) and Avé Lallemant and others (1980) concluded
that the Sparta complex is the plutonic equivalent of
a low-KyO island-arc volcanic suite; they suggested
that it is a part of the root of the Wallowa arc. Volcan-
ic rocks of the Wallowa terrane are overlain by Upper
Triassic limestone and Upper Triassic to lower Upper
Jurassic clastic sedimentary rocks (Morrison, 1964;
Nolf, 1966; Vallier, 1974, 1977).

The Baker terrane (formerly called the Central Me-
lange terrane by Dickinson, 1979) consists of disrupt-
ed fragments of oceanic crust, including local melange
deposits, large coherent tectonic slices of ophiolitic
and volcanic assemblages, and Triassic to possibly
Lower dJurassic chert-argillites (Dickinson and Vi-
grass, 1965; Blome and others, 1983; Nestell, 1983;
Blome and others, 1986). Analyses of basaltic and
gabbroic blocks (Mullen, 1985; Bishop, chap. 5, this
volume) indicate that they are varied in composition
and include tholeiitic (that is, midocean-ridge), calec-
alkaline, and rare alkalic basalt types. Late Triassic
blueschists occur near Mitchell (fig. 1.1; Hotz and oth-
ers, 1977), and somewhat lower pressure schistose
rocks occur in serpentine-matrix melange elsewhere
in the Baker terrane (Bishop, chap. 5, this volume).
The Canyon Mountain Complex is by far the largest
and most complete ophiolite fragment in this terrane.

The Olds Ferry terrane (formerly called the Hun-
tington terrane by Dickinson, 1979) is a poorly ex-
posed Late Triassic volcanic arc (Brooks and Vallier,
1978). It consists of Upper Triassic volcanic (basalt,
andesite, and rhyolite) and volcaniclastic rocks and
rare limestone (Brooks and Vallier, 1978; Brooks,
1979). Gabbro and plagiogranite plutons were em-

placed locally during the Late Triassic (Henricksen,
1975). Lower Jurassic volcanogenic flysch-like depos-
its, tectonically overlying the Triassic rocks (Avé La-
llemant, 1984a), were previously included in the
Mesozoic Clastic terrane of Dickinson (1979).

The Izee terrane (formerly called the Mesozoic
Clastic terrane by Dickinson, 1979) comprises Upper
Triassic to Upper Jurassic turbidites deposited on the
Baker terrane. Volcanic tuff beds occur mainly in its
lower parts. Dickinson (1979) proposed that the tur-
bidites were deposited in a fore-arc basin associated
with the Olds Ferry arc to the south; however, the
upper units of Jurassic age may represent an overlap
sequence. Fault-bounded lenses and blocks of chert-
argillite, gabbro, and serpentinite occur throughout
this terrane.

Two major orogenic events apparently affected the
rocks in the Blue Mountains province (Avé Lallemant
and others, 1980; Avé Lallemant, chap. 7, this vol-
ume). First, during Triassic and Early Jurassic time,
south to southeastward subduction of an oceanic plate
beneath the Olds Ferry volcanic arc caused the forma-
tion of the melange and blueschists of the Baker ter-
rane, and resulted in tectonic imbrication and folding
of the melange into Upper Triassic and earliest Juras-
sic forearc-basin turbidites (Brown and Thayer, 1966;
Dickinson and Thayer, 1978; Avé Lallemant, chap. 7,
this volume). Exposed rocks of the Olds Ferry terrane
do not appear to be affected by the Late Triassic defor-
mation. However, a Late Triassic to Early Jurassic
depositional hiatus signifies uplift of the terrane at
that time (Brooks and Vallier, 1978). Neither uncon-
formities nor folds of this age are apparent in the
Wallowa terrane; Late Triassic deformation there
seems to be confined to three major northeast-trend-
ing left-lateral shear zones (Vallier, 1974; Avé Lalle-
mant, 1983; Avé Lallemant and others, 1985).

The second orogenic event was manifested by short-
lived north-south shortening that affected all terranes
(Avé Lallemant, 1984a, chap. 7, this volume). Timing of
this event is well constrained in the Wallowa terrane,
where the youngest deformed sediments are of early
Oxfordian age (Morrison, 1964) and the oldest post-
tectonic granitic intrusion is 160 Ma or late Oxfordian
in age (Armstrong and others, 1977). This deformation
may correspond to the collision of the Wallowa (or Blue
Mountains) arc with the other four terranes. Subse-
quently, between 160 and 120 Ma (Armstrong and oth-
ers, 1977), a number of granitic intrusions were
emplaced in all four terranes, and locally these Juras-
sic and Cretaceous plutons crosscut contacts between
terranes. No penetrative structures younger in age
than Late Jurassic have been recognized in the Blue
Mountains province of Oregon, but they are developed
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TABLE 1.1—%Ar /%°Ar age determinations using hornblende separates from hornblende diorites of the Canyon Mountain Complex
and from hornblende gabbro of the Sparta complex

[Error estimates in Age column reflect analytical precision and are calculated following methods of Cox and Dalrymple (1967) and Dalrymple and others (1981). Monitor
mineral was MMhb-1, which has an accepted age of 519.4 Ma. Samples were irradiated in U.S. Geological Survey’s TRIGA (Training Research Isotope General Atomic)
reactor in Denver, Colo. Corrections for Ca- and K-derived Ar isotopes were made using constants suggested by Dalrymple and others (1981); decay constants used in
age calculations are from Steiger and Jéger (1977). J, irradiation parameter; pct, percent; T, temperature]

T 4°Ar/39Ar 37Ar/39Ar 36A1‘/39AI 39Ar 4°Ar 39Ar K/Ca Age
(°C) (pet) (pet) (moles) (molar) (Ma)
Sample CMG-190A, hornblende diorite, Canyon Mountain Complex
[44°18'59" N., 118°51'44" W.; J=0.006618+0.000033; sample weight=0.9740 g]
800 352.7 64.00 1.125 3.0 7.1 0.294 0.00777 276.5+12.8
950 77.17 41.59 1916 15.2 30.8 1.50 .0122 263.5 1.8
1150 43.87 60.93 .0849 62.4 53.6 6.08 .00818 260.6+1.3
Fuse 109.8 61.22 .3096 194 21.0 1.89 .00814 255.712.6
Total gas age 260.6
Plateau age (950 and 1150 °C steps) 261.2+1.6
Sample CMG-190B, hornblende diorite, Canyon Mountain Complex
[44°18'59" N., 118°51'44" W.; J=0.006349+0.000032; sample weight=1.0376 g]

950 116.2 41.92 0.3188 20.1 21.7 1.90 0.0121 267.7+1.5
1150 94.80 71.97 .2563 58.2 26.0 5.39 .00688 261.9+3.3
Fuse 315.0 69.80 .9922 21.6 8.7 2.01 .00710 287.61+21.4

Total gas age 268.7
Preferred age (1150 °C step) 261.943.3
Sample SP-96A, hornblende gabbro, Sparta complex
[44°48'35" N., 117°22'45" W.; J=0.006614+0.000033; sample weight=1.0039 g)
550 221.8 26.02 0.7090 0.9 6.4 0.448 0.0196 162.5+13.3
650 157.2 24.33 4971 1 7.8 .0073 .0210 140.4467.3
750 72.72 16.09 .1891 7 24.9 .249 .0320 203.6+10.5
850 26.68 12.02 .02433 12.8 76.5 6.68 .0429 228.5+1.2
950 23.30 11.72 .01288 28.2 87.6 14.7 .0440 228.3+1.2
1050 22.62 11.93 .01140 445 89.2 23.1 .0432 225.9+1.2
1150 28.05 12.56 .02980 9.8 72.1 5.09 .0410 226.3+1.5
Fuse 115.3 16.91 .3281 3.0 17.1 1.57 .0304 220.7+4.6
Total gas age 226.0
Plateau age (950 and 1150 °C steps) 227.0+1.3

in Idaho along the North America-Blue Mountains su-
ture between Orofino and McCall (Sutter and others,
1984). However, post-Cretaceous 65° clockwise rotation
of the Blue Mountains province (Wilson and Cox, 1980;
Hillhouse and others, 1982) may be responsible for
many faults and long-wavelength, low-amplitude folds
that affect the Canyon Mountain Complex and overly-
ing Eocene rocks (Thayer, 1956).

GEOCHRONOLOGY

A major question about the origin of the Oregon
ophiolites concerns relationships between the associ-
ated mafic rocks (gabbros, basalts) and silicic rocks

(plagiogranites, keratophyres). Thus, absolute ages
for these different rock types constitute an important
constraint on their formation. Because reliable age
determinations for ophiolites of the Blue Mountains
province are sparse, we have determined three new
40Ar/39Ar ages using hornblende separates from
rocks of the Canyon Mountain Complex and Sparta
complex (table 1.1). These are discussed within the
context of other available data.

CANYON MOUNTAIN COMPLEX

Previous age determinations include concordant zir-
con U-Pb ages of 278 Ma for an undeformed intrusive
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gabbro from Canyon Mountain, and 278 Ma for a plagi-
ogranite that cuts cumulate gabbro; U-rich zircon (with
5-10 times more U than zircons from the plagiogran-
ite) from a quartz diorite yielded slightly discordant U-
Pb ages of about 268 Ma (Walker and Mattinson, 1980;
Walker, 1981, 1986). Hornblende from a late-stage
hornblende pegmatite yielded a 40Ar/39Ar plateau age
0f262+14 Ma (Avé Lallemant and others, 1980).

New 40Ar/39Ar hornblende ages are reported herein
(table 1.1) for two relatively late-stage hornblende dio-
rite intrusions. One of these samples yields a 40Ar/39Ar
plateau age of 261.2+1.6 Ma (for 78 percent of the
argon released). The other sample may be slightly dis-
turbed as it did not yield a plateau age. However, more
than 58 percent of the argon released (the 1,150°C
step) yielded an age of 261.9+3.3 Ma; the total-gas age
obtained is about 269 Ma. The ages for these samples
are analytically indistinguishable.

From the available geochronological data, it can be
argued that all intrusive phases of the Canyon
Mountain Complex are older than 260 Ma but proba-
bly no older than about 280 Ma. The data appear to
resolve a small but significant difference in age be-
tween the gabbroic and sheeted members of the com-
plex. Considering the uncertainties of these ages, we
cannot preclude that the magmas of the gabbroic and
sheeted members of the complex were coeval and
possibly cogenetic; at the least they may have formed
in the same general tectonic environment.

SPARTA COMPLEX

Although some investigators previously included
both the Sparta complex and the Canyon Mountain
Complex in the Baker terrane, this interpretation is
questionable because of the similarity between rocks
in the Sparta complex and those in the Wallowa ter-
rane. Also, the Sparta complex differs from the Canyon
Mountain Complex in that it lacks an ultramafic mem-
ber, owing to faulting (Prostka and Bateman, 1962).
The structurally lowest member of the Sparta complex
consists mainly of cumulate pyroxenites, which grade
upward into cumulate gabbros; the highest gabbros
are massive and contain primary amphibole and
quartz (Phelps, 1978). Overlying and intruding the
gabbros is a composite trondhjemite-quartz diorite
pluton. It also intrudes volcanic rocks that were con-
sidered to be part of the Wallowa terrane by Vallier
(1977). The apparently large proportion of felsic mag-
mas supports the idea that the Sparta complex is part
of the Wallowa terrane (Phelps, 1978, 1979; Phelps
and Avé Lallemant, 1980). Phelps (1979) interpreted
the gabbro-plagiogranite association to be cogenetic.

Published ages for the quartz diorite include (1) a
K-Ar biotite age of 21345 Ma (Marvin and Cole,
1978), (2) hornblende 40Ar/39Ar plateau ages of
223.043.3 and 223.2+5.5 Ma and a 40Ar/39Ar total-gas
biotite age of 212.1 Ma (Avé Lallemant and others,
1980), and (3) a concordant U-Pb zircon age of 223
Ma (Walker, 1983, 1986). The reasonably close agree-
ment among these ages suggests that the plagiogran-
ite unit was emplaced about 223 Ma. Walker (1986)
also reported a concordant U-Pb zircon age of 253 Ma
for an albite granite unit within the plagiogranite
member. These data indicate that silicic magmatism
occurred over a relatively wide range in time.

Because no age information was available to ascer-
tain the relationship of the cumulate gabbro member
to the silicic units, we dated a hornblende separate
from the massive hornblende-quartz gabbro unit; a
40Ar/39Ar plateau age of 227.0+1.3 Ma was obtained
(table 1.1). Thus, the formation of the gabbro was
nearly coeval with that of most(?) of the plagiogran-
ite. The sole Permian plagiogranite must be part of
an older basal complex, possibly a part of the Permi-
an segment of the Wallowa arc or perhaps an alloch-
thonous fragment of older basement (see Walker,
1982; T.L. Vallier, oral commun., 1987). It seems un-
likely that the gabbro is as old as Permian. The exact
relationship between the albite granite and the gab-
bro-plagiogranite assemblage remains unresolved.

GEOLOGY OF THE CANYON MOUNTAIN COMPLEX
PREVIOUS INVESTIGATIONS

The first detailed map of the Canyon Mountain
Complex (Thayer, 1956) showed it as an almost rectan-
gular east-trending body about 22 km in length and 8
km in width (fig. 1.2). An ultramafic member in the
northern part is overlain successively southward by an
ultramafic-mafic layered zone, a gabbroic member, a
sheeted sill-like (multiply intruded) zone, and a vol-
canic sequence. Plagiogranite intrusions occur locally
throughout the complex but are concentrated near the
contact between the gabbroic and sill-like members.
Thayer (1963a) interpreted the Upper Permian and
(or) Lower Triassic volcanic rocks in the southern part
of the complex (keratophyre, quartz keratophyre, and
spilite) to be hosts to the younger ultramafic and gab-
broic intrusions of the complex. Apparently, emplace-
ment of late-stage plagiogranite (quartz diorite to
albite granite) magmas in the upper part of the com-
plex caused metasomatism of the gabbroic and volcan-
ic wallrocks. The ultramafic and gabbroic rocks were
believed to have formed at upper-mantle and lower-



1. PETROLOGY OF THE CANYON MOUNTAIN COMPLEX, EASTERN OREGON 7

crustal depths, respectively, in a large stratiform com-
plex (analogous to the Stillwater intrusion) and to
have been remobilized as a crystal mush and emplaced
into higher structural levels (Thayer, 1963a, b; Thayer
and Himmelberg, 1968; Thayer, 1969a). According to
Thayer (1963b), layering in these rocks formed due to
flow differentiation; primary structures were largely
destroyed except for nodular structures in the podi-
form chromitite deposits (Thayer, 1969b).

On the basis of detailed structural and petrofabric
studies, it has been demonstrated that the Canyon
Mountain Complex consists of two distinct mantle di-
apirs that were emplaced at relatively high tempera-
tures (Avé Lallemant, 1976; Misseri and Boudier,
1985). To account for the disproportionately large vol-
umes of plagiogranite and silicic volcanic rocks, Avé
Lallemant (1976) suggested that these diapirs as-
cended either beneath a volcanic island arc or at
least proximal to such an arc in a marginal basin.
Thayer (1977a) briefly accepted this model but later
in the same year stated that the ultramafic-mafic
rocks of the complex formed in a stratiform intrusion
beneath a midoceanic ridge, that these rocks were
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deformed during ascent as a crystal mush, and that
they were subsequently intruded by diabase and pla-
giogranite magmas and then covered by equivalent
volcanic rocks (Thayer, 1977b).

On the basis of petrologic and geochemical studies
of the ultramafic and gabbroic rocks, Himmelberg and
Loney (1980) concluded that (1) the major harzburgit-
ic component of the ultramafic member represents re-
sidual upper-mantle material that had been subjected
to a previous partial-melting event unrelated to the
formation of the remainder of the ophiolite, (2) the
podiform chromitite found only in dunite bodies repre-
sents cumulate material in the basal harzburgite unit,
(3) the gabbroic member formed by fractional crystal-
lization of basaltic magma that had been emplaced
into depleted mantle wallrocks, and (4) the large vol-
ume of silicic rocks implies an island-arc setting for
the formation of the Canyon Mountain Complex.

Detailed geologic mapping of the sheeted member
(Gerlach, 1980) confirmed the abundance of silicic
magmas (fig. 1.3) and provided information on rela-
tive timing for the emplacement of its respective
magma types. On the basis of petrologic and geo-
chemical studies, Gerlach, Avé Lallemant, and Lee-
man (1981) and Gerlach, Leeman, and Avé Lallemant
(1981) interpreted the plagiogranites as the products
of partial melting of hydrated mafic rocks at relative-
ly shallow depths within an island arc; emplacement
of basaltic magmas was invoked to provide the neces-
sary heat.

Further detailed mapping and petrologic studies of
the ultramafic and gabbroic rocks led E.M. Bishop
(Mullen, 1983a, b; Bishop, chap. 5, this volume) to
conclude that (1) several generations of gabbros (some
of which are penetratively deformed) intruded the de-
pleted harzburgite tectonite member, and (2) the most
primitive gabbros were tholeiitic whereas the more
evolved gabbros were calc-alkalic. Considering the re-
gional geology, she proposed that the Canyon Moun-
tain Complex formed in a fore-arc setting. On the
basis of regional tectonic constraints, Avé Lallemant
(1984b) suggested that it formed in an intra-arc ex-
tensional basin produced by en echelon strike-slip
faulting related to oblique subduction.

Despite uncertainties concerning details of the
original setting for the Canyon Mountain Complex,
the overall evidence indicates that the ultramafic
rocks (plus some of the mafic rocks in the eastern
part of the complex) ascended diapirically, that early
mafic magmas were intruded syntectonically or pre-
tectonically, and that post-tectonic mafic and felsic
intrusions cut the ultramafic rocks and led to forma-
tion of high-level magma chambers, dike and sill
complexes, and possibly lava flows as well.
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GEOLOGIC DESCRIPTIONS OF UNITS

In general, the lithologic units (or members) of the
Canyon Mountain Complex (fig. 1.4) are characteris-
tic of many ophiolites; they are described individually
later. E.M. Bishop (Mullen, 1983a, b; Bishop, chap. 5,
this volume) presents additional details of the geolo-
gy and mineralogy of the ultramafic and mafic mem-
bers of the complex. Contacts between lithologic
units trend approximately east-southeast to west-
northwest and are near vertical. On the east, north,
and west the ophiolite is fault bounded; on the south
it is overlain by Eocene conglomerates and volcanic
rocks (Thayer, 1956).

ULTRAMAFIC MEMBER

The ultramafic member consists mostly of harzburg-
ite with rare lherzolite. In a few areas, the peridotites

show faint layering due to orthopyroxene concentra-
tions along foliation planes. Large irregular dunite
bodies occur throughout, and these commonly include
layers of nodular and disseminated chromitite. Pretec-
tonic or syntectonic (diapiric) gabbro, gabbro pegma-
tite, and pyroxenite dikes crosscut the peridotites.
Clearly post-tectonic dunite occurs in veinlike layers
and as dikes in the peridotites. Interstitial plagioclase
occurs in rocks toward the top of the ultramafic mem-
ber and locally near dikes of gabbro.

All rock types in the ultramafic member are pene-
tratively deformed and have well-developed foliation
and lineation (Avé Lallemant, 1976). The chromitites
have relict cumulate textures (Thayer, 1969b); Him-
melberg and Loney (1980) suggested that the chromi-
tites and the enclosing dunite bodies together
represent the basal part of the overlying gabbroic
member, which was folded into the tectonite harz-
burgite. The dunite dikes and veins are not folded,
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but have a tectonite fabric; they appear to have
formed by metasomatic transformation of harzburgite
(Dungan and Avé Lallemant, 1977). Subsequent to
dunite formation, gabbro, pyroxenite, rare diabase,
and very rare plagiogranite dikes and sills intruded
the ultramafic rocks. Most of the peridotites, particu-
larly those exposed near the bounding fault along the
north margin of the complex, locally are serpenti-
nized and sheared to various extents.

GABBROIC MEMBER

Unlike the petrographically and structurally homo-
geneous harzburgite tectonites of the wultramafic
member, the gabbroic member is very heterogeneous.
Most primary igneous textures in the eastern part of
the complex have been obliterated by intense pene-
trative deformation, whereas in the west primary
textures are preserved.

Cyclical igneous layering in the western massif is
consistent with crystal fractionation by gravitational
settling within a periodically refilled basaltic-magma
chamber. The lowermost units are dunites and
chromitites, which are overlain by olivine pyroxe-
nites. Relict cumulate textures are ubiquitous, and
rocks are not penetratively deformed. The olivine py-
roxenites in turn are overlain by layered gabbroic
rocks that locally contain lenses of wehrlite or olivine
pyroxenite. The gabbroic rocks comprise various pro-
portions of plagioclase, clinopyroxene, olivine, and
rare orthopyroxene; corresponding rock types include
gabbro, troctolite, norite, and anorthosite. Deposition-
al structures such as slumps and trough banding are
rare. Diabase dikes occur throughout this unit but
are more numerous southward toward the contact
with the sheeted member. At Canyon Mountain, they
form a northeast-trending swarm and locally form
coarse-grained stocks (the ophitic gabbros of Avé La-
llemant, 1976).

In contrast, the gabbroic member of the eastern
massif represents a number of small independent in-
trusive bodies. The main rock type is coarse-grained
gabbro containing relict cumulate structures. This
gabbro in turn contains inclusions of fine-grained
gabbro and is cut by gabbro pegmatite, olivine pyrox-
enite, and several other gabbroic intrusions (Avé La-
llemant, 1976; Mullen, 1983a, b; Bishop, chap. 5, this
volume). Penetrative deformation overprinted all of
these rocks as they were partly folded into the tec-
tonite harzburgites of the ultramafic member. This
deformation was followed by intrusion of isotropic
gabbro, pyroxenite, diabase, hornblende pegmatite,
and plagiogranite bodies.

PETROLOGY AND TECTONIC EVOLUTION OF PRE-TERTIARY ROCKS, BLUE MOUNTAINS REGION

SHEETED (SILL-LIKE) MEMBER

The sheeted member consists of east-west-striking,
steeply dipping layers of gabbro, keratophyre, basalt,
basaltic andesite, diabase, and plagiogranite. The
contact with the underlying gabbroic member is gra-
dational. Gabbro, diabase, and plagiogranite are
mostly concentrated in the structurally lower north-
ern part, and keratophyre, basalt, and basaltic ande-
site are more abundant at structurally higher levels
to the south. The largest plagiogranite bodies occur
near the contact between the sheeted and gabbroic
members. Field relations indicate that gabbros,
keratophyres, and basalts are the oldest rocks in the
sheeted member and that they were intruded by dia-
base and plagiogranite. Rocks of the plagiogranite
suite were emplaced in the general sequence horn-
blende diorite, quartz diorite, and trondhjemite;
these rocks were intruded by later basalts and dia-
bases. Rare banded keratophyre lenses apparently
represent one of the latest magmatic phases. Relative
timing and duration of intrusive events as deduced
from crosscutting relations in the sheeted member
are shown in figure 1.5.

Because neither pillow basalts nor cherts were
found in the sheeted member, Thayer (1977b) inter-
preted it to be a dike complex. However, some kerato-
phyres display fine lamination, which Avé Lallemant
(1976) previously interpreted as pyroclastic layering.
Also, the presence of vesicles in some basalt and ba-
saltic andesite units suggest that they are lava flows.
If these rocks are indeed extrusive, then conformable
attitudes between them and the diabase and plagio-
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tain Complex. Evidence is based on field relations including in-
trusive contacts, crosscutting dikes and lenses, and presence of
xenoliths and intrusion breccias. Segments are dashed where
uncertain.
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granite lenses imply that the sheeted member is a
sill rather than a dike complex.

STRUCTURE

The penetrative-deformation structure in the ultra-
mafic member and in the eastern part of the gabbroic
member is manifested by well-developed foliation,
lineation, and strong preferred orientation of all con-
stituent minerals (Avé Lallemant, 1976). As deduced
from the preferred orientations, the major principal
extension direction (X) is vertical. This inference and
the overall structural style led to the conclusion that
the Canyon Mountain Complex was emplaced as two
separate massifs by diapiric flow in the upper mantle
(Avé Lallemant, 1976). In the western massif, the ex-
tension axis (X) is vertical in the north, but rotated
and even overturned to the south near the contact
with the gabbroic member, where the cumulate layer-
ing is vertical to slightly overturned. These data indi-
cate that the ophiolite is folded into a large
asymmetric east-west-trending anticline (Avé Lalle-
mant, 1976; Thayer and others, 1981). The contact
between the gabbroic and sheeted members is steep,
but aeromagnetic data (Thayer and others, 1981)
suggest that at depth the contact rotates toward a
more southerly dip of about 45° and that the ophio-
lite extends southward for some distance beneath
surface cover. If this anticline is unfolded, the cumu-
late layering in the gabbroic member, layering in the
keratophyre units, and the intrusive layers of dia-
base and plagiogranite all become subhorizontal. Ro-
tation of the sheeted member is poorly constrained in
time; it may have occurred during Late Triassic sub-
duction, during Triassic subduction, during Jurassic
collision, or possibly in Eocene or later time. Because
Eocene conglomerates overlying the southern part of
the ophiolite also have a steep southward dip (aver-
age is about 45°, but locally as high as 70°), folding
of the Canyon Mountain Complex cannot be dated
closely (Thayer, 1956). Although we consider the
sheeted member to be a stack of rotated sills and
minor flows (Gerlach, Avé Lallemant, and Leeman,
1981), others (for example, Thayer, 1963a; Misseri
and Boudier, 1985) favor emplacement of this mem-
ber as steeply dipping dikes because elsewhere in the
complex most dikes are steeply dipping.

PETROGRAPHY AND MINERALOGY

The peridotite of the ultramafic member is general-
ly harzburgite of uniform composition consisting of

olivine (Fogg_g1) with 10 to 25 percent orthopyroxene
(Engg_g2), 3 to 5 percent clinopyroxene (0.8-1.0 per-
cent Crg0g), and 1 to 2 percent chrome spinel (Him-
melberg and Loney, 1980). Pargasitic amphiboles
commonly border or enclose pyroxene grains. Only
rarely does the peridotite contain enough clinopyrox-
ene (as much as 10 percent) to make it a true lherzo-
lite. The texture is xenoblastic-granular; most grains
are slightly flattened and elongate parallel to folia-
tion and lineation, respectively. Olivines and orthopy-
roxenes in the dunites in which chromitite deposits
occur are slightly enriched in Mg (Fogg_gg, Enga_gs),
and rare clinopyroxenes contain 1 to 2 percent CrqO3
(Mullen, 1983a, b); textures in the dunites are simi-
lar to those in the harzburgites, except for the chro-
mitite layers, which contain subhedral to euhedral
chromite grains. Dunite veins and dikes have tex-
tures similar to those in the harzburgite, although
the olivines are coarser. All peridotites and dunites
are somewhat serpentinized.

Ultramafic and gabbroic rocks in the eastern part of
the gabbroic member are mostly tectonites that dis-
play the same penetrative-deformation structures as
found in harzburgites of the ultramafic member. Al-
though these gabbroic rocks have relict primary
banding, their overall texture is xenoblastic-granular;
only rarely are cumulate textures preserved (Avé La-
llemant, 1976). Himmelberg and Loney (1980) found
evidence of a slight Fe-enrichment trend in going
from dunites to gabbros, on the basis of compositions
of olivine (Fogs in dunites to Fogg in gabbros), or-
thopyroxenes (Engg to Enyg), and -clinopyroxenes
(CaggMgygFey to CayggMgyoFer2); plagioclases in the
same rocks range in composition from Angg in dunites
to Angq in gabbros. Pearcy (1987) observed that such
compositional trends are not necessarily regular.

The mafic cumulates of the western massif are
folded but not penetratively deformed. Cumulate tex-
tures are generally preserved except where the rocks
are altered near diabase and plagiogranite intrusions
and near brecciated zones. Mineral compositions for
these rocks are similar to those given for the tecton-
ite metacumulates in the eastern part of the complex
(Himmelberg and Loney, 1980).

Both the ultramafic and gabbroic members contain
gabbro, gabbro pegmatite, and pyroxenite dikes that
were emplaced prior to penetrative deformation. Their
textures are similar to those described above for com-
positionally equivalent rocks. Post-tectonic dikes and
veins have igneous textures. For example, in some
gabbro dikes, euhedral plagioclase crystals are aligned
parallel to the dike walls; this texture may reflect flow
alignment of crystals parallel to conduit walls. Pyrox-
enite, gabbro pegmatite, and hornblende pegmatite
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dikes are very coarse grained and have allotriomor-
phic to hypidiomorphic textures. Diabase dikes display
subophitic textures but vary in grain size.

The gabbroic rocks have undergone subsolidus al-
teration of at least two different types. Proximal to
intrusions of hornblende pegmatite or plagiogranite
or near mylonite zones, clinopyroxenes are partly to
completely amphibolitized. In contrast, gabbroic
rocks in permeable zones are commonly altered to
greenschist-facies assemblages, including hydrogros-
sular, chlorite, prehnite, calcite, and serpentine.

The sheeted member consists of screens of cumu-
late gabbros in the lower (more northerly) part and
keratophyres and basaltic rocks in the upper (more
southerly) part; these rocks are intruded by many
sills, dikes, and stocks of plagiogranite, diabase, and
minor basalt. The keratophyres are porphyritic, bear-
ing phenocrysts of quartz and plagioclase in a fine-
grained felty, spherulitic, or trachytic groundmass;
quartz phenocrysts tend to be embayed but common-
ly display high-temperature bipyramidal morphology.
Basalts are fine grained with intergranular to inter-
sertal textures, and consist of plagioclase, clinopyrox-
ene, and opaque minerals. A few vesicular basaltic
andesites contain elongate plagioclase phenocrysts in
a groundmass containing abundant microlites of pla-
gioclase and oxides. Diabases contain diopsidic to
subcalcic augite, plagioclase, magnetite, and ilmenite
and have characteristic ophitic texture. Plagiogran-
ites consist of plagioclase, quartz, hornblende, and
small amounts of biotite and opaque minerals; their
textures include hypidiomorphic-granular, granophyr-
ic, and porphyritic. Plagioclase phenocrysts display
oscillatory zoning in some samples. Modal green
hornblende varies from less than 10 percent in trond-
hjemites to more than 50 percent in some diorites; it
occurs as an interstitial phase, as euhedra, and rare-
ly as poikilitic grains with inclusions of plagioclase
and quartz. Severe local alteration of rocks in the
sheeted member produced secondary albite, chlorite,
epidote, and calcite.

Electron-microprobe analyses of fresh clinopyrox-
enes in selected mafic rocks mainly from the sheeted
member (fig. 1.6) display a marked difference in com-
position from those of clinopyroxenes in the cumulate
and tectonite members. These data suggest that the
basaltic magmas that intruded different parts of the
complex do not represent cogenetic liquids.

PALEOTHERMOMETRY AND PALEOBAROMETRY

Information on pressures and temperatures of for-
mation for rocks of the Canyon Mountain Complex is

sparse. Himmelberg and Loney (1980) estimated tem-
peratures of about 880 to 975 °C for the harzburgite
tectonites and cumulate pyroxenites using analyses
of coexisting orthopyroxenes and clinopyroxenes and
the geothermometer of Wells (1977). These tempera-
ture estimates are unreasonably low for near-liqui-
dus conditions, and it is probable that the mineral
compositions have readjusted to subsolidus condi-
tions due to low cooling rates or to recrystallization.
Mercier (1980; oral commun., 1982) applied his
own geothermometer-barometer to seven harzburg-
ites and obtained apparent equilibration tempera-
tures of 1,000 to 1,100 °C and rather high pressures
of 15 to 25 kb for samples from the deformed eastern
part of the complex, and 900 to 1,000 °C and 8 to 15
kb for the western part. Because Mercier’s method is
based largely on empirical relationships, the calculat-
ed temperatures and pressures may not be correct in
an absolute sense; however, they are internally con-
sistent and suggest at least relative pressure-temper-
ature conditions for recrystallization of the two
structurally distinct parts of the complex.

GEOCHEMISTRY AND PETROLOGY

Reconnaissance geochemical investigations were un-
dertaken to characterize all common rock types of the
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Canyon Mountain Complex. Representative samples
have been analyzed for major and (or) trace elements
using a variety of methods (see section “Analytical
Methods,” below). These samples include the plagio-
granite and keratophyre suites previously described in
detail by Gerlach, Leeman, and Avé Lallemant (1981).
Of primary concern here are the volcanic and hypa-
byssal rocks that most closely represent magmatic lig-
uids; relatively little emphasis has been placed on the
cumulate gabbros or the various ultramafic tectonites,
the chemical and (or) mineralogical compositions of
which have been described by others (Thayer and
Himmelberg, 1968; Himmelberg and Loney, 1980;
Mullen, 1983a, b; Bishop, chap. 5, this volume). Ana-
lytical results as well as brief descriptions of the ana-
lyzed samples are given in tables 1.2 through 1.6.
Specific sample locality information is available from
the authors.

Most of the rocks selected for geochemical study are
relatively fresh and have retained their original miner-
al compositions and textures. However, because many
of our samples exhibit at least some alteration or low-
grade metamorphic recrystallization, it is necessary to
carefully assess those geochemical parameters that
supposedly reflect primary petrogenetic processes. The
problems of evaluating the effects of element mobility
in altered rocks and of deciphering tectonic setting and
petrogenetic history of ophiolitic rocks have been sum-
marized by Pearce and Cann (1973), Winchester and
Floyd (1977), Pearce (1982, 1983), and others. Most
attention has focused on geochemical comparisons
with modern basaltic associations such as midocean-
ridge basalt (MORB), oceanic-island or within-plate
basalt (WPB), and island-arc basalt (IAB) suites, which
have diagnostic geochemical features. To facilitate
such a comparison, it is first necessary to identify those
samples that retain or closely approach their original
magmatic compositions.

ANALYTICAL METHODS

Representative samples were analyzed in two
batches as follows: Group I (CM-prefix samples) and
Group II (CMG- and OC-prefix samples). Major-ele-
ment analyses were determined for Group II samples
by combined electron microprobe analysis (EMPA) of
fused glasses and atomic absorption spectrophotome-
try (AAS) (Gerlach, Leeman, and Avé Lallemant,
1981), and for Group I samples by X-ray fluorescence
(XRF) analysis of flux-fused samples (see Jacques
and Chappell, 1980). Trace-element analyses were
obtained on Group II samples by instrumental neu-
tron activation analysis (INAA) at Oregon State Uni-

versity and at the National Aeronautic and Space
Administration (NASA) Johnson Space Center
(Gerlach, Leeman, and Avé Lallemant, 1981), and by
XRF analysis of pressed powder disks at the Univer-
sity of Massachusetts (Frey and others, 1984). Group
I samples were analyzed for a few trace elements by
the latter method at the Australian National Univer-
sity. For selected Group II samples, Sr, Ba, Sc, V, Cr,
Ni, Zn, and Zr were determined by inductively cou-
pled plasma (ICP) spectroscopy at Rice University.

Analytical uncertainties are generally within 1 to 5
percent of the amount present for the major elements
and 5 to 10 percent for most trace elements. Uncer-
tainties may be somewhat larger for elements with
low abundance or low sensitivity, such as Th, Ta, Ba,
and Nb; the results for these elements (and especial-
ly for Nb) are reported to indicate the extremely low
abundances in most samples. Dashes in tables indi-
cate that abundances either were not determined or
were below detection limits.

Analysts included the following: XRF, D.C. Gerlach
at the University of Massachusetts and Bruce Chap-
pell at the Australian National University; INAA,
W.P. Leeman at Oregon State University and D.C.
Gerlach at NASA; AAS, D.C. Gerlach at NASA;
EMPA, D.C. Gerlach at Rice University; ICP, WP.
Leeman at Rice University.

Data are presented in separate tables (tables 1.2 —
1.6) according to rock type. However, we have arbi-
trarily included gabbroic samples with greater than
0.7 weight percent TiOg in table 1.4 with diabase, dol-
erite, and basaltic rocks because all of these rocks are
believed to approximate original magmatic liquids in
composition. Throughout this paper, all samples in
table 1.4 have been plotted together as “magmatic”
samples. Inspection of figures 1.7 and 1.8, for exam-
ple, shows that the compositions of these samples do
indeed resemble basaltic compositions and define co-
herent geochemical trends. All major-element data
shown in diagrams are based on analyses recalculat-
ed to 100 percent totals on an anhydrous basis.

GENERAL GEOCHEMICAL CHARACTERISTICS

Major-element characteristics of the rocks of the
Canyon Mountain Complex generally resemble those
of most ophiolites. The main lithologic groups are
easily distinguished in SiOy variation diagrams (fig.
1.7). The ultramafic rocks define a restricted group-
ing (low SiO,, alkalis, TiOg, P5O5, and AlyOg, and
high MgO) consistent with their dominantly olivine
and pyroxene mineral assemblages. With exception of
the cumulate gabbros, which have relatively high
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TABLE 1.2.—Analyses of major-element oxides and selected trace elements in ultramafic rocks (peridotite, harzburgite, pyroxenite) of the
Canyon Mountain Complex

Sample ------- CM65 CM37 CM38 CM60 CM54 CM64 CM61 CM62 CM63
Rock type ---- Serpentinized Tectonite Tectonite  Pyroxenite Pyroxenite Pyroxenite Cumulate olivine Plagioclase- Olivine-plagioclase
peridotite  harzburgite harzburgite pyroxenite bearing pyroxenite pyroxenite
Major-element oxides, in weight percent
Si0g -----mn 37.43 42.71 43.78 47.32 51.27 49.77 42.30 41.24 41.33
TiOg ---—--- 0.09 0.01 0.01 0.04 0.16 0.15 0.11 0.08 0.07
Al,Oq -—---- 5.70 1.19 0.80 1.19 3.33 2.82 2.73 6.23 6.21
Fey0g------ 4.33 2.10 1.45 2.35 1.23 1.19 4.28 2.30 2.75
FeO ----mem- 4.85 5.56 6.42 2.36 4.47 4.53 5.66 6.14 5.77
MnO ------- 0.15 0.13 0.14 0.10 0.15 0.14 0.16 0.15 0.16
MgO ------- 32.73 42.25 42.97 26.56 19.44 20.51 26.85 26.01 25.76
CaQ-----—--- 3.11 1.10 0.79 13.08 17.77 18.49 9.42 9.72 9.42
NayO ------ 0.04 0.02 0.01 0.08 0.17 0.14 0.10 0.16 0.13
KoO -~ 0.08 0.02 0.01 0.08 0.03 0.03 0.03 0.03 0.03
Py0g ---emem 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
HyO0" - 11.09 4.44 0.01 6.07 1.19 1.52 7.41 6.98 741
HyO - 0.30 0.31 0.31 0.30 0.20 0.17 0.30 0.39 0.38
COg -------- 0.18 0.32 3.01 0.18 0.21 0.14 0.28 0.23 0.20
Total --- 100.09 100.17 99.72 99.72 99.63 99.61 99.64 99.67 99.63
Trace elements, in parts per million
V s 62 41 38 70 262 228 125 93 84
Cr - 4,325 2,960 3,300 2,985 2,255 4,360 1,495 1,895 1,785

MgO and AlyOg, the remaining rocks define what ap-
pear to be coherent trends more or less typical of ig-
neous liquid lines of descent. A plot of AlyO3 versus
SiOq (fig. 1.7) is particularly effective in discriminat-
ing those rocks with compositions appropriate for
magmatic liquids (that is, non-cumulate gabbro, dia-
base, basaltic rocks, and the more siliceous plagio-
granite and keratophyre suites) from rocks having
high proportions of cumulate minerals (cumulate
gabbro and pyroxenite) and rocks from which melt
may have been extracted (harzburgitic peridotites).
Solely on the basis of petrography or field relations,
it is often difficult to differentiate coarse-grained,
dominantly cumulate gabbroic rocks from gabbros
that represent magmatic liquids. For example, many
dolerites and coarse-grained diabases have higher
contents of incompatible elements (such as K, Ti, P)
than expected for purely cumulate gabbros. Also, be-
cause the cumulate rocks represent concentrates of
plagioclase, olivine, and pyroxenes, they are relative-
ly enriched in Al, Mg, and Ca. A plot of the relatively
immobile components AlyO3 versus TiOs (fig. 1.8)
clearly discriminates a group of mafic rocks that re-

semble modern oceanic basalts (see Melson and oth-
ers, 1976; Bryan and others, 1981) from the other
lithologic groups. In this chapter we rely mainly on
these presumably magmatic or near-magmatic sam-
ples to understand petrogenetic processes.

The basaltic to felsic rocks of the intrusive complex
and the extrusive keratophyres are characterized by a
relatively strong covariation between SiOg and the ox-
ides CaO, MgO, FeO* (total Fe as FeO), NayO, and
TiOg (fig. 1.7)—not unlike that expected for magmatic
liquid lines of descent. However, considerable scatter
for contents of KoO and possibly PsO5 may reflect al-
teration. Alteration effects are more clearly seen in
plots of various elements against TiOg (fig. 1.8), which
tends to be one of the least mobile constituents of
igneous rocks under conditions of alteration (Pearce,
1983).

The possible effects of crystal-liquid fractionation
must be considered in evaluating overall composition-
al variations for both the felsic and mafic rocks. The
mafic rocks alone display strong positive correlations
between TiO9 and P9Os, Ce, and Hf (fig. 1.8), as well
as between TiOg and Zr (see fig. 1.14). Weaker posi-
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TABLE 1.3.—Analyses of major-element oxides and selected trace elements in gabbroic rocks (with less than 0.7 weight percent TiOg) of the
Canyon Mountain Complex

(---, not determined or below detection limit]

Sample -------- CM55 CM56 CM57 CM58 CM28 CM34 CM35 0C277
Rock type --—- Anorthositic Foliated Foliated Foliated Cumulate Cumulate Cumulate Olivine-
gabbro anorthositic gabbroic gabbroic gabbro anorthositic  anorthoesitic  plagioclase
gabbro anorthosite anorthosite gabbro gabbro cumulate
(troctolite)
Major-element oxides, in weight percent
Si0g ------------ 45.54 44.31 44.07 43.93 47.05 45.19 45.82 47.50
TiOg ----r--eeem- 0.09 0.09 0.05 0.08 0.18 0.16 0.27 0.01
Al,Oq ---—eeeee 20.57 14.86 26.00 22.21 18.00 23.76 20.69 24.40
0.61 0.64 0.56 0.65 0.96 1.09 2.08 -
2.51 5.08 1.89 3.08 3.51 2.63 3.98 5.70
0.06 0.11 0.04 0.07 0.10 0.07 0.09 0.08
MgO ------eeee- 11.90 16.77 6.42 8.85 10.06 6.70 7.80 9.54
CaO---- 13.08 11.60 16.47 15.08 17.11 16.83 15.49 11.90
Na,0 1.82 1.47 1.22 117 0.90 1.00 1.14 1.46
0.06 0.04 0.06 0.09 0.06 0.05 0.03 0.02
0.01 0.01 0.01 0.01 0.01 0.01 0.01 -
2.87 431 2.76 3.92 2.03 2.03 2.07 -
0.19 0.12 0.30 0.30 0.17 0.21 0.25 ---
0.30 0.19 0.14 0.15 0.01 0.06 0.01 -
Total -------- 99.61 99.60 99.99 99.59 100.15 99.79 99.73 100.61
Trace elements, in parts per million
47 79 50 87 146 114 150 ---
1,130 1,085 496 357 429 354 86 6
47.4
- --- - - - - --- 53
--- - - - 0.03
—-- -~ - - — - -— 0.11
- - - - - 0.05
0.17
0.012
0.062
- - . 0.007

tive correlations between TiOg and Th, Ba, and possi-
bly K20 in the mafic rocks (fig. 1.8) may reflect
alteration of some samples, because normally these
incompatible elements are coherently enriched in
evolving mafic liquids. Negative correlations between
TiOg2 and Mg number (fig. 1.8) and between TiOs and
abundances of Sc, Co, Cr, and Ni (table 1.4) and the
positive correlations just mentioned are consistent
with differentiation involving removal of Fe-Ti-oxide-
poor mineral assemblages from the evolving mafic
liquids. Under such conditions Ti behaves as an es-
sentially incompatible element, and its abundance

correlates with that of other incompatible trace ele-
ments (see Cann, 1970; Saunders and others, 1980).
On some of the TiOg variation diagrams (see fig.
1.8), the plagiogranites and keratophyres show trends
that preclude their derivation by simple fractionation
from mafic precursor magmas. In the felsic rocks,
TiOg and Mg number decrease together—along with
other transition metals (tables 1.5 and 1.6)—in accord
with fractionation of Fe-Ti oxides and ferromagnesian
minerals. Fractionation of such minerals is consistent
with the small degree of Fe enrichment (fig. 1.9) and
the strong alkali-enrichment trend (fig. 1.10) observed
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TABLE 1.4.—Analyses of major-element oxides and selected trace elements in mafic rocks (diabase, dolerite,

[-—, not determined or

Sample ------—- CM26 CM27 CM19 CM20 CM21 CM39 CM40 CMGI124A CMG49 0C244 0C256 0C259
Rock type----- Olivine Olivine Hornblende- Gabbro Cumulate Gabbro Gabbro Porphyritic Quartz Diabase Diabase Diabase
gabbro gabbro  plagioclase gabbro plagioclase- diabase
dolerite clinopyroxene
diabase
Major-element oxides,

Si0g------ 48.56 49.52 49.75 49.54 50.83 49.99 47.29 50.80 56.30 53.90 52.20 54.30
TiOg------ 1.29 1.22 1.89 2.14 2.34 1.20 2.12 1.44 1.73 0.84 1.61 1.05
Aly,0q----- 15.19 15.52 14.87 14.62 14.59 15.17 15.13 15.10 14.90 16.70 15.50 15.10
Fe,Og - 2.22 2.03 0.75 0.63 1.16 2.58 3.64 e - - - -
FeO ------ 7.81 7.27 10.53 11.54 10.93 6.94 7.92 10.20 9.59 8.68 9.57 10.20
MnO ----- 0.19 0.18 0.20 0.22 0.23 0.18 0.22 0.21 0.24 0.15 0.19 0.16
MgO --—- 8.04 7.76 5.72 4.85 4.67 6.58 6.94 7.78 5.79 6.25 8.81 6.93
CaOQ ------ 11.16 10.81 10.05 9.10 7.36 9.03 8.13 10.10 6.09 9.74 7.21 7.99
NayO----- 2.45 3.07 3.91 4.24 4.89 421 3.98 2.70 3.79 3.49 3.98 4.49
K50 ------ 0.15 0.13 0.20 0.19 0.29 0.19 0.40 0.22 0.29 0.03 0.13 0.32
PyO5------ 0.06 0.09 0.16 0.20 0.21 0.07 0.17 - - - - -
HyO% ----- 2.43 1.96 1.92 1.78 2.31 3.12 3.34 - -—- - - -
Hy,O ----- 0.17 0.24 0.08 0.09 0.16 0.28 0.35 - - - - -
COy ----- 0.08 0.01 0.07 0.53 0.04 0.09 0.29 - - - -—- -

Total-- 99.80 99.81 100.10 99.67 100.01 99.63 99.92 98.55 98.72 99.78 99.20 100.54

Trace elements,

) - - -—- - -—- - - 132 109 72 125 83
Ba ----m--- 15 30 30 35 20 15 30 12 27 - 20 31
Sc ---mnem - - - -— -—- — - 36.5 31.1 40.5 35.9 41.1
Voo 329 278 370 396 430 286 356 236 174 244 262 293
Cre——— 272 262 86 38 26 113 133 173 124 60 220 71
Co -------- - - - - - -— - 41.6 26.6 30.4 36.8 371
Ni--eeeeee - - --- --- -— - - 106 47 22 96 36
Zn - - -- - - -—- - -—- 102 121 88 114 104
Ta -------- - - - - -— - --- - 0.06 - - -
Nb ------- - - - - -— - --- 0.1 0.2 - 0.1 0.2
Hf-emeeeee - -— -—- - - - --- 2.99 3.79 1.19 241 2.04
Th -------- - - - - - - -—- 0.54 0.60 - - -
Zr —---ee- - - - - - - - 102 138 44 102 74
La -—----- -— - - - - - - 2.62 3.06 1.15 2.83 2.00
Ce ----mmm- 7 9 18 18 16 7 11 9.0 11.2 3.7 9.0 6.4
Nd -----—-- -—- -—- —- - - - -—- 7.3 10.7 4.0 9.8 7.2
Sm -------- - - - -— - - -—- 3.40 4.39 1.77 3.56 2.76
Eu - - -- - - -—- ——- --- 1.32 1.48 0.74 1.26 0.97
Tb -------- - - -— -— - -— - 0.97 0.96 0.52 0.83 0.72
Yb - - -—- - - - - - 3.69 4.41 1.92 2.88 2.85
Lu - - -—- - - - - - 0.53 0.68 0.30 0.52 0.42

in these rocks. A small number of samples described The positive correlation between TiOg and P05 in

as basaltic andesites and spilites, and probably some
so-called epidiorites, display significant alkali enrich-
ment that in part is due to alteration; these rocks
have been lumped in with the plagiogranite suite in
fig. 1.10.

the mafic rocks is consistent with concurrent fraction-
ation of apatite and Fe-Ti oxides (see fig. 1.8). Negative
correlations of TiOy with Ce, Hf, and Zr simply indi-
cate that Ti is not incompatible in the more evolved
magmas, whereas Ce, Hf, and Zr are (tables 1.4-1.6).
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basaltic rocks, and gabbroic rocks with more than 0.7 weight percent TiOy) of the Canyon Mountain Complex
below detection limit]
CMG- CMG- CMG- CMG- CMG- CM8 CM6 CM25 CMG32 CMGS81 CMG- 0C216 CMGI8A CMG146B
162 166 211 207 43C 227
Diabase Diabase Diabase Diabase Horn- Gabbro Plagio- Basalt  Basalt Basalt Spilite  Spilite Porphyritic Porphyritic
blende clase basaltic basaltic
epi- phyric andesite andesite
diorite basalt
in weight percent
51.30 52.40 52.50 55.90 51.90 48.65 50.91 50.07 53.00 54.90 61.00 61.50 57.80 59.10
1.00 1.23 1.86 1.32 0.72 1.49 1.55 1.21 1.39 1.57 1.04 1.23 1.30 1.00
15.50 16.30 14.90 14.80 15.90 15.97 14.84 1556 15.40 15.10 15.10 15.70 15.20 15.1
- -—- --- - -—- 1.87 1.84 1.18 - - --- - -- -
9.57 10.10 11.50 10.00 9.64 8.18 8.53 8.71 10.90 11.90 9.71 7.68 8.38 10.00
0.19 0.19 0.18 0.18 0.18 0.20 0.30 0.18 0.19 0.18 0.18 0.23 0.13 0.14
7.75 7.42 6.95 6.15 8.46 7.91 7.33 6.69 7.02 5.97 3.48 2.83 5.62 6.43
10.20 8.63 8.29 7.55 9.15 8.41 5.89 9.01 7.64 5.65 4.19 2.12 5.16 2.59
2.68 3.33 3.33 4.36 2.81 3.21 4.19 3.60 443 5.18 5.58 6.64 5.45 4.92
0.10 0.12 0.60 0.20 0.68 0.55 0.46 0.77 0.20 0.09 0.04 0.15 0.89 0.42
- -—- - -—- - 0.12 0.10 0.07 - - - - -—- -
-—- - — - -—- 3.08 3.23 2.56 - - - - - -
-—- -—- - - -—- 0.24 0.34 0.09 -—- - - - - -—-
--- -—- -—- -—- - 0.21 0.10 0.14 - - - - -—- -
98.29 99.72 100.11 100.46 99.44 100.09 99.61 99.84 100.17 100.54 100.32 98.08 99.93 99.70
in parts per million
167 197 - 79 -— - - -— 129 78 45 --- 91 83
7 9 -- 22 - 50 50 40 19 1 --- - 141 33
42.8 40.1 41.3 374 424 - -—- - 39.8 40.4 29.4 20.4 34.9 33.5
289 288 --- 214 - 332 325 321 303 349 - - 7 248
162 124 80 138 121 267 240 123 162 15 2 4 250 26
37.6 38.2 40.3 314 38.9 -—- - -—- 36.3 33.0 21.1 8.8 27.6 26.9
66 49 - 44 -— - - - 67 17 8 - 32 17
82 91 - 109 — - - - 98 117 106 - 76 95
-—- 0.09 0.09 - -— - --- - - - - 0.09 - -
0.2 0.4 —-- 0.8 -—- - -—-- -—- -—- - --- - 0.2 -
1.50 2.09 3.28 2.40 1.31 - - - 2.65 2.01 2.00 4.04 2.27 1.58
0.28 0.28 0.68 0.21 0.37 - --- - 0.63 0.45 0.38 0.19 0.55 0.54
55 77 -—- 85 -—- - - - 90 69 68 - 84 51
1.57 1.77 2.86 2.86 1.10 - - - 2.19 1.71 1.75 3.62 2.09 1.34
5.2 7.5 10.2 8.3 2.5 8 7 9 7.9 5.0 54 14.2 6.6 54
5.3 6.4 8.8 8.2 34 - - --- 6.9 6.8 6.0 17.1 7.0 8.4
2.18 2.79 4.03 341 0.96 - - - 3.77 2.85 2.45 6.16 3.08 4.08
0.80 0.97 1.40 1.02 0.43 - - - 1.47 1.18 0.98 1.78 1.09 1.84
0.50 0.71 1.03 0.82 0.26 - - - 0.87 0.73 0.57 1.43 0.72 0.99
2.15 2.65 3.88 3.10 1.25 - -—- -—- 3.16 2.74 2.37 4.95 2.81 3.12
0.34 0.43 0.60 0.49 0.18 - - --- 0.50 0.44 0.40 0.74 0.42 0.45

The scatter observed for some elements or oxides may
reflect alteration (Ba, K9O) and possibly analytical un-
certainties (Th) at low concentration levels. More im-
portantly, the significant decrease in contents of many
incompatible elements (Ce, Hf, Zr, Th) and the reten-
tion of comparable levels for others (K5O, Th, Ba) ob-

served in going from the basaltic rocks to the felsic
ones is inconsistent with a comagmatic relationship
between these two groups of rocks. Further compari-
sons of covariations between other expectedly incom-
patible elements (fig. 1.11) reveal that, among the
mafic rocks, La (like Ce) correlates strongly with Ty,
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TABLE 1.5.—Analyses of major-element oxides and selected trace

[---, not determined or

Sample ------- CM17 CM15 CM51 CM41 CM42 CM11 CM10 CM18 CM44
Rock type ---- Feldspathic  Diorite with Diorite Hornblende Hornblende Hornblende Diorite Quartz diorite Hornblende
diorite cumulate diorite diorite diorite (xenolith in (chloritized) plagiogranite
clinopyroxene pegmatite keratophyre)
plagioclase
Major-element oxides,
SiOg----v-- 53.64 55.01 55.44 52.70 58.11 54.15 59.58 71.46 75.95
TiOg-----me- 0.69 0.68 0.94 0.57 0.80 1.17 1.10 0.30 0.14
Al;Oq ------- 17.39 16.14 16.66 16.67 14.86 15.49 15.38 14.61 11.95
Fe,0g ------- 1.38 4.56 2.14 2.36 1.57 2.74 1.97 0.50 0.73
FeO ---—-- 5.80 4.80 6.29 4.59 6.20 8.19 6.38 0.45 1.63
MnQO --------- 0.15 0.17 0.16 0.17 0.18 0.19 0.15 0.02 0.07
MgO --------- 5.33 4.45 4.10 5.04 4.45 4.12 3.00 0.56 0.73
CaQ - 6.32 6.41 4.36 10.14 5.72 6.33 6.19 3.72 0.85
NayO ------ 4.86 3.81 5.49 3.62 4.76 3.87 3.94 6.35 6.24
K50 --ermeee 0.84 0.31 0.28 0.15 0.43 0.38 0.32 0.25 0.07
PyOg-emmnnme- 0.07 0.08 0.13 0.04 0.05 0.08 0.10 0.05 0.01
H,0" —oeeem- 2.75 3.38 3.01 3.08 2.35 2.67 1.67 1.12 0.91
H,O e 0.25 0.31 0.37 0.62 0.26 0.27 0.19 0.15 0.13
COy --=mnreen 0.11 0.05 0.38 0.34 0.15 0.09 0.01 0.05 0.18
Total -----  99.58 100.16 99.75 100.09 99.89 99.74 99.98 99.59 99.59
Trace elements,
) — — -—- — - - - --- -
Ba -—--oeeeeee 85 35 35 15 40 55 50 30 20
S¢ ---meeeemeee - - -—- - - - - - ---
V---- 155 185 216 223 166 371 164 6 5
Clecemeeee 17 13 7 113 76 5 3 1 2
Co —--mmemmmmee - - - - -—- - - - -
[\ . - - - — - -—- - - -
Y/ — - - -—- - —— - - - -
Ta ----eomeeme-e - -—- -—- -—- - - - - -
J\\] o Y — — — — —— — —— — - —
Hf--reeeem - - - - - —- - --- - -
| ¢ . — — — — —— —— ——— —— ——
Zr ——meemeeeee - -—- - - - - - - -
La —-meeeeeee - - - - - - - --- -
Ce ---—-meeem- 5 2 7 6 8 9 6 4 13
[\ [ EEEN— - - - - - - - - -
Sm oo .. .- - - —— -—- -- --- -
) D17 E—— - - - - - -—- --- - -
| - -—- - -—- - -—- - - - -
YD oo — — — — - .
| 7 e — —— - - - - - - --- -—-

Hf, and Zr, and slightly less so with Th. Thus, it seems
reasonable that all of these elements and probably Ta
and Nb as well (see Wood, Joron, and Treuil, 1979) are
controlled mainly by magmatic processes and are not
significantly affected by alteration or weathering proc-
esses (see Menzies and others, 1977). On the other
hand, the alkalis (K, Na, Ba) usually display poor cor-

relations with the other determined incompatible ele-
ments, and it appears that they may be unreliable as
petrogenetic indicators (see Pearce, 1983). Despite the
wide range in bulk composition and the apparent in-
fluence of alkali metasomatism, it is notable that KoO
contents are generally low (<1 weight percent) in all of
the rocks studied.
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elements in rocks from plagiogranite suite of the Canyon Mountain Complex

below detection limit]

CM12 CM43 CMG174C CMG190B 0C314 CMG137 CMG2 CMG55A CMG191 0C114
Plagiogranite =~ Hornblende Epidiorite Hornblende Hornblende Tonalite Tonalite Trondhjemite Trondhjemite Trondhjemite
plagiogranite altered diorite diorite
gabbro)
in weight percent
74.45 77.42 59.40 62.30 59.40 61.10 67.30 69.70 71.90 76.00
0.30 0.10 0.44 0.65 0.90 0.65 0.55 0.50 0.36 0.21
12.45 11.72 15.10 14.20 14.90 16.30 16.10 15.80 15.50 13.80
1.27 0.85 - - - - - -- -- -—-
1.96 1.06 6.06 7.67 7.26 8.30 5.54 4.22 3.31 1.56
0.07 0.04 0.13 0.16 0.18 0.18 0.18 0.10 0.07 0.06
0.85 0.34 791 4.90 4.84 3.71 0.94 1.12 0.60 0.38
2.37 1.16 6.62 5.47 6.28 5.31 3.30 3.29 3.65 1.04
5.49 6.01 3.62 4.54 4.71 441 5.00 4.40 3.91 5.99
0.17 0.08 0.11 0.56 0.40 0.26 0.40 0.98 0.48 0.15
0.04 0.01 - - - - - - - -—-
1.30 0.68 - - - - -—- - - -
0.15 0.12 - - -- - - - - -—-
0.01 0.08 -—- - -—- -—- - - -- -
100.88 99.67 99.39 100.45 98.87 100.22 99.31 100.11 99.78 99.19
in parts per million
- --- --- 146 - - 107 148 100 49
15 20 - 28 -—- --- 57 63 46 23
--- --- 22.0 33.8 31.3 28.4 15.8 12.5 4.7 4.5
16 3 --- 164 - - 8 45 28 6
1 1 206 73 72 10 7.4 13 13 3
--- - 29.7 23.8 21.8 20.7 6.2 7.5 4.8 1.8
- --- - 32 47 - 1 4 4 10
- - - 87 --- - 76 57 38 19
- - . - - - - 0.09 0.11 0.10
- - - 0.2 -—- - - - 0.6 -
- - 1.57 2.29 2.20 1.71 3.12 2.99 4.65 5.83
- - 0.63 0.49 0.12 0.46 0.35 0.42 0.42 0.29
- - - 63 -—- - 100 108 153 198
- - 3.44 1.88 1.95 1.74 3.42 3.07 2.34 4.21
10 20 9.2 7.0 6.2 5.7 10.4 9.3 6.7 14.0
- - 3.9 6.5 8.9 5.2 9.6 8.3 49 11.1
- - 1.25 2.56 2.82 2.14 3.39 2.68 1.80 3.84
- --- 0.47 0.84 0.83 0.91 0.83 0.80 0.59 0.97
- - 0.20 0.60 0.63 0.65 0.86 0.70 0.53 091
- - 0.84 2.68 2.87 2.26 4.03 2.90 2.68 4.74
- - 0.15 0.44 0.49 0.36 0.63 0.49 0.41 0.77

Considering the more reliable elements, it is clear
that the least fractionated felsic rocks with the high-
est TiOg contents have lower incompatible-element
contents than many of the basaltic rocks. This point
is well illustrated in comparing chondrite-normalized
rare-earth-element (REE) profiles for rocks of the
Canyon Mountain Complex (fig. 1.12). This figure

contrasts REE contents for a variety of mafic to felsic
rocks, including the basaltic andesites and spilites.
Despite evidence for selective alteration of some of
these rocks, REE contents and relative abundances
are broadly similar for the mafic rocks. From this ob-
servation, it appears that the REE have not been sig-
nificantly mobilized and they should be useful for
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TABLE 1.6.—Analyses of major-element oxides and selected trace elements

[---, not determined or

Sample --------- CMG15 CMG157A 0C214 0C224 0C241 0C243 CM1
Rock type------ Quartz Plagioclase Plagioclase Quartz Keratophyre Quartz Keratophyre
keratophyre keratophyre keratophyre keratophyre keratophyre
Major-element oxides,
75.80 75.00 73.20 79.40 76.60 76.10 77.92
0.14 0.27 0.59 0.16 0.18 0.18 0.14
14.20 12.60 12.60 11.00 12.80 12.70 11.47
- --- - --- - - 1.17
2.70 3.94 5.75 1.73 3.21 3.82 0.60
0.10 0.07 0.15 0.04 0.04 0.10 0.02
0.25 0.49 2.56 1.01 0.24 0.52 0.31
0.56 0.83 0.77 0.97 1.50 0.52 0.82
6.23 6.19 5.09 5.10 5.49 6.07 5.85
0.11 0.06 0.03 0.09 0.09 0.09 0.10
- - - -— --- - 0.02
— -— - -— - -— 0.78
- - - - - - 0.23
0.21
100.09 99.45 100.74 99.50 100.15 100.10 99.64
Trace elements,
72 49 23 83 - 27 -
20 10 8 38 --- 7 10
9.7 13.3 18.4 8.7 11.9 15.0 -
2 - 72 8 - 11 6
19 15 44 4 3 22 2
0.8 1.6 12.0 1.9 1.4 3.1 -
4 7 22 13 - 9 -
A R 46 70 107 25 - 73 -
Ta ---memmmmmmemee 0.12 0.08 - 0.09 0.07 - -
Nb ------eeemeeeem - --- 0.2 0.1 - 0.1 --
6.47 3.04 3.41 3.71 3.65 3.30 -
0.16 0.18 0.16 0.39 0.16 0.21 -
225 98 123 120 - 108 -
4.25 2.57 2.11 1.93 3.04 3.29 -
14.3 7.8 8.2 7.8 11.5 10.4 10
14.9 7.9 8.6 6.9 --- 11.3 -—
5.07 2.99 3.42 2.71 3.58 3.67 -
0.72 0.82 0.77 0.38 0.85 1.08 -
1.37 1.00 0.96 0.89 0.88 0.98 -
6.80 3.86 4.04 4.08 3.48 4.37 -
Lu —meemeeee 1.02 0.58 0.64 0.64 0.64 0.68 —

petrogenetic purposes. Another striking feature of the
data is the strong similarity between REE profiles for
the mafic and the felsic rocks, with the exception
that the latter have marginally higher La/Sm ratios
and conspicuous Eu anomalies. The most unusual
REE pattern obtained is for an altered gabbroic rock
(the so-called epidiorite, sample CMG-174C) that dis-
plays significant depletion of heavy REEs.

COMPARATIVE GEOCHEMISTRY AND
EVALUATION OF TECTONIC SETTING

Having established that most of the analyzed in-
compatible trace elements are likely to be represen-
tative of original magmatic abundances, it is of
interest to determine the affinity of the mafic rocks of
the Canyon Mountain Complex to other present-day
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in keratophyres and quartz keratophyres of the Canyon Mountain Complex

below detection limit]

CM3 CM7 CM9 CM45 CM47 CM49 CM50 CM46
Keratophyre Keratophyre Keratophyre Keratophyre Quartz Quartz Quartz Quartz
keratophyre keratophyre keratophyre keratophyre

in weight percent

75.98 73.62 75.98 74.82 78.52 75.72 74.32 77.22
0.14 0.22 0.15 0.17 0.10 0.16 0.21 0.10

11.53 12.94 12.12 12.44 11.13 1191 12.18 11.83
1.12 1.77 1.36 1.14 0.74 0.80 1.36 0.65
2.27 1.52 1.19 1.98 0.89 1.73 2.05 1.08
0.07 0.04 0.03 0.08 0.02 0.06 0.08 0.04
0.53 0.68 0.40 0.45 0.52 1.02 0.50 0.64
0.74 1.64 1.49 1.64 0.61 0.32 1.63 0.29
5.58 5.89 5.63 5.81 6.07 6.44 5.38 6.39
043 0.32 0.25 0.06 0.06 0.09 0.08 0.07
0.05 0.05 0.01 0.01 0.01 0.01 0.02 0.01
0.94 0.78 0.85 0.98 0.68 1.01 1.36 0.72
0.17 0.15 0.16 0.14 0.14 0.20 0.19 0.17
0.07 0.04 0.23 0.18 0.23 0.14 0.24 0.36

99.62 99.66 99.85 99.90 99.72 99.61 99.60 99.57
in parts per million

10 10 30 10 10 15 15

12 9 3 3 4 15 5 4
2 3 1 3 2 2 2 1
8 2 19 8 36 8 10 13

basaltic associations. Unfortunately, a similar com-
parison cannot yet be attempted either for the cumu-
late and ultramafic members of the complex, owing
to insufficient data and because these rocks do not
approximate magmatic liquids in composition, or for
the felsic rocks, because of limited data and ambigu-
ity of the available petrogenetic discriminators for
such rock types (see Pearce and others, 1984).

Direct comparison of representative diabases and a
basaltic andesite of the Canyon Mountain Complex
with basaltic rocks from other environments is illus-
trated in figure 1.13, which shows incompatible-
element abundances normalized to Wood’s (1979) esti-
mated primordial-mantle composition. Similar profiles
are obtained by normalizing to estimated midocean
ridge basalt (MORB) abundances (see Sun and Nesbitt,
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FIGURE 1.9.—Fe-Mg variations in basaltic rocks of the Canyon

Mountain Complex compared to trends for average midocean-
ridge basalts (MORB; Melson and others, 1976), lavas from
the Galapagos Ridge (Perfit and others, 1983), and glasses
from upper pillow lavas of the Troodos ophiolite (Robinson
and others, 1983). FeO*, total iron as FeO. A, MgO versus
FeO*. Canyon Mountain Complex and Troodos ophiolites
both show only moderate Fe enrichment relative to Gal4pa-
gos and Skaergaard rocks. Island-arc data field (stippled) and
Skaergaard trend (arrow) are from Robinson and others
(1983). B, SiO,; versus FeO*/MgO ratio. Samples from all
suites display only limited increase in FeO*/MgO ratio with
increasing Si0O,; Canyon Mountain Complex samples strad-
dle the calc-alkalic (CA)/tholeiitic (TH) boundary of Miyashi-
ro (1973). C, TiO, versus FeO*/MgO ratio. Mafic samples of
all suites, including the Canyon Mountain Complex, plot
within the MORB data field (from Casey and others, 1985).

1977; Sun and others, 1979; Pearce, 1983). Other than
anomalous spikes in Ba and K, the Canyon Mountain
Complex basaltic andesite has a profile similar to those
of the diabases (fig. 1.13A). Furthermore, excluding the
epidiorite, all Canyon Mountain Complex mafic rocks
display striking relative depletions in the light REEs,
Nb, and Ta relative to the heavy REEs. All analyzed
samples have relatively high ratios of K, Th, or Ba to
Nb (or Ta), and the Hf-Zr-Sm segments of their profiles
are slightly convex upward. Except for the Ba-Th-K-Nb
segments, these profiles are similar to those of many
MORBs as exemplified by a sample from the Ecuador
Rift in the East Pacific (fig. 1.13B). For comparison, a
sample of the Geotimes basaltic unit of the well-stud-
ied Semail ophiolite (Oman) closely resembles the
MORB profile shown (except for a K spike). This partic-
ular basaltic unit has been interpreted as a fragment of
oceanic crust; its K spike is explained by extensive

FeO*+MnO

Na,O0+K,0

Explanation

Basalt (0), diabase (®)
- Cumulate gabbro

RSN
(5] Ultramafic rock

Plagiogranite suite

m Keratophyre

4 Spjlite trend (alkali enrichment)

FiGURE 1.10.—A (Na,0+K;0)-F (FeO*+MnO)-M (MgO)
ternary diagram for samples of the Canyon Mountain
Complex. Basaltic and equivalent intrusive rocks (dia-
bases, dolerites) overlap in composition and display
only moderate Fe enrichment. Relatively evolved rocks
(including basaltic andesite) and slightly altered rocks
(spilite, epidiorite) plot in plagiogranite field; alkali en-
richment trend (arrow) indicates effect of alteration.
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alteration (Alabaster and others, 1982). The relative
depletions of Nb (and Ta) seen in the Canyon Mountain
Complex samples are uncharacteristic of MORB sam-
ples (Noiret and others, 1981) and suggest that the
Oregon ophiolite perhaps formed in a setting other
than near a midocean ridge.

Oceanic-island basaltic rocks (such as those found in
Hawaii or Iceland) or intracontinental (within-plate)
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basaltic rocks generally are quite distinct in composi-
tion from ophiolitic basalts (see fig. 1.13D). The Salahi
basalt unit, also part of the Semail ophiolite, is a pos-
sible exception (fig. 1.13B). This unit is interpreted as
having formed at a seamount by Alabaster and others
(1982), who viewed the Semail ophiolite as a composite
body formed as tectonic conditions changed with time.
Commonly characterized by low relative abundances of
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that represent distinct accreted lithotectonic blocks
(including seamounts, oceanic crust, island-arc edific-
es) are recognized in some of the better studied com-
plexes (such as Troodos and Oman). It has been
proposed that some of these sequences formed in di-
verse tectonic settings and were emplaced adjacent to
one another during accretion of different ophiolites (or
fragments thereof) in a common collision zone (see
Capedri and others, 1980). In Papua, New Guinea,
local geologic evolution was complicated by primitive
island-arc magmatism that postdated and is unrelat-
ed to the main ophiolite complex. Good geochronologic
control is essential to fully understand the accretion-
ary history of such compound ophiolites.

Despite the inferred polyphase magmatic and tec-
tonic evolution of the Canyon Mountain Complex, ex-
clusive of the basal ultramafic unit, the overall bulk
composition of the complex is similar to basaltic an-
desite (Pearcy and others, 1990). This relatively
mafic composition is consistent with our interpreta-
tion that the complex represents a section of imma-
ture oceanic to island-arc crust.

The application of geochemical studies to ophiolite
petrogenesis provides another tool that can help in
unraveling some of the problems of ophiolite forma-
tion. Nd or Hf isotopic studies may be particularly
useful because these elements are resistant to mobili-
zation during weathering and alteration. Interesting-
ly, Nd data suggest non-MORB affinities for many
ophiolites: gng<+8 for Troodos (McCulloch and Cam-
eron, 1983), Oman (McCulloch and others, 1981),
Vourinos (Noiret and others, 1981), and other ophio-
lite complexes. As we have learned in our work on
the Canyon Mountain Complex, geochemical studies
need to be integrated with comprehensive geologic
and geochronologic studies to appreciate the complex-
ities of ophiolite evolution.
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ABSTRACT

The Late Jurassic Bald Mountain batholith, about 450 km? in
area, is in the Elkhorn Mountains of northeastern Oregon. It in-
trudes a melange terrane (Baker terrane) that consists of the Devo-
nian to Triassic Elkhorn Ridge Argillite—which is a heterogeneous
assortment of metasedimentary rocks—as well as scattered masses
of metagabbro and serpentinized ultramafic rocks of uncertain age.
Contact-metamorphic effects, evident as a wide thermal aureole
that includes high-temperature minerals characteristic of the py-
roxene hornfels facies, overprint a regional (greenschist-facies) met-
amorphism, characterized by green biotite. The most widespread
pyroxene hornfels-facies rocks are argillites and metagabbros with
two-pyroxene assemblages, and cherty argillites with metapelitic
assemblages characterized by cordierite and orthoclase, with or
without one or more other minerals such as sillimanite and garnet.
One notable high-temperature aureole rock is a rare pargasitic
hornblende-peridotite hornfels that contains small amounts of
green spinel and plagioclase. The grain size of recrystallized quartz
in bedded chert near the batholith is a good approximation of the
intensity of thermal metamorphism.

Forceful intrusion apparently was the dominant process respon-
sible for the emplacement of the batholith. Much wallrock yielded
by plastic flow. Segregation banding in intensely deformed meta-
gabbro resembles the bedding in some metasedimentary rocks. In-
tensely deformed salients of country rock that project far into the
batholith are commonly gneissic and include the Archean gneiss
unit of Lindgren (1901). Scattered boudins in the gneiss indicate
extreme plastic deformation. Much of the gneiss apparently is un-
derlain by the batholith.

An assessment of stoping as a significant emplacement mecha-
nism is severely hampered by the absence of critical field evidence
within the batholith. However, the size differential between xeno-
liths in the margin and in the interior of the major unit of the
batholith combined with size relations in the upper parts of small
cupolas of granitic rocks alongside the batholith imply that stoping
played a more important role than is commonly recognized in meso-
zonal plutons.

In the area south of lat 45° N. at least nine discrete intrusive
units of the Bald Mountain batholith were emplaced in a mafic-to-
felsic sequence that commenced with three small gabbroic bodies
and a small unit of quartz diorite, continued with the very large
compositionally zoned Elkhorn pluton (tonalite and granodiorite)
that constitutes most of the batholith, and ended with four small
felsic units. The tonalite and granodiorite of the compositionally

zoned Elkhorn pluton are separated for about 9 km on the north
and 4 km on the northwest by an intraplutonic contact, concealed
for about 4 km between the north and northwest exposures by Ter-
tiary volcanic rocks. Microscopic evidence indicates that augite
crystallized initially throughout much of the tonalite but only in
some of the granodiorite in the Elkhorn pluton. The small volume
percent of calcic cores in oscillatory-zoned plagioclase of the
Elkhorn pluton indicates that the granitic rocks crystallized from
a melt that contained only a comparatively minor amount of solid
constituents. An interlude is the name herein applied to concentra-
tions of one or several mafic minerals of small size in a distinct
layer of plagioclase between consecutive oscillations in oscillatory-
zoned plagioclase. Heretofore, interludes apparently have not been
reported in the plagioclase of granitic rocks.

Good to excellent planar structure characterizes most margins
of the Elkhorn pluton except near much of the southern contact.
Faint to fairly good planar structure that generally is difficult to
detect occurs sporadically in parts of the interior of the pluton.
New procedures that take into account realistic (rather than ideal-
ized) field relations facilitate recognition of planar structure on
smooth joint surfaces, exposures controlled by steep diagonal
joints, and exposures shaped by exfoliation.

Xenoliths of metagabbroic and metasedimentary rocks through-
out the central and southwestern parts of the Elkhorn pluton are
more abundant than xenoliths of country rocks in most batholiths.
The scarcity of xenoliths of argillaceous rocks as compared to chert
is attributed to a more rapid rate of assimilation. Granitic rocks in
the Elkhorn Mountains with reddish-brown to red biotite and little
or no iron oxide are attributed to assimilation of graphite-bearing
metasedimentary rocks.

Far more abundant than xenoliths of country rocks are mafic
inclusions of uncertain origin (see, for example, Pabst, 1928). No
mafic synplutonic dikes occur in the Bald Mountain batholith at
the present level of erosion. On the basis of field observations and
petrographic data, most of the derivations postulated for mafic in-
clusions in circum-Pacific granitic intrusions can be questioned or
discounted for mafic inclusions in the Bald Mountain batholith.

A distinct zone in which microcline twinning characterizes the
potassium feldspar extends for 19 km across the Elkhorn pluton
and is related to deformation rather than to the concentration of
volatiles.

Much of this report concerns the part of the Bald Mountain bath-
olith that lies north of lat 45° N. in the Anthony Butte 7/-minute
quadrangle. Here many small intrusive units of the batholith occur,
and deformation features of the rocks are more pronounced than in
the southern part of the batholith. The plutons commonly are sepa-
rated in part by dismembered screens. One granodiorite body con-
tains small amounts of orthopyroxene and is notable for reaction
relations between orthopyroxene, cuammingtonite, hornblende, and
biotite. This body is one of two intrusions that contain red-brown
biotite and little or no iron oxide. Another pluton in the study area
is the largest granite body in northeastern Oregon and contains
traces of orthopyroxene and garnet. Several intrusions are com-
posed of silica-rich granitic rocks. Both satellitic intrusions in met-
asedimentary rocks near this part of the batholith contain either
red-brown or red biotite and almost no iron oxide.

The mineralogy of the granitic rocks coupled with the pyroxene
hornfels-facies thermal metamorphism of the wallrocks indicates
that much of the batholith crystallized from relatively hot and water-
undersaturated magmas.

Rocks of the Bald Mountain batholith range in composition
from norite that contains about 52 weight percent SiOg to leuco-
granite that contains about 77 weight percent SiOy. The rocks are
metaluminous to weakly peraluminous. The compositionally zoned
Elkhorn pluton ranges inward from border rocks that contain
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about 61 weight percent SiO; and 0.5 weight percent KyO to core
rocks that contain about 69 weight percent SiOy and 2.1 weight
percent KyO.

Rocks of the Bald Mountain batholith show a typical calc-alka-
line compositional trend on an AlyO3-FeO-MgO (AFM) diagram.
They also show marked late-stage iron enrichment on diagrams
used to distinguish calc-alkaline from tholeiitic rocks.

INTRODUCTION

The name “Bald Mountain batholith” originated, ac-
cording to Hewett (1931), with Lindgren (1901), who
derived it at the turn of the century from the local
designation “Bald Mountain” for a prominent peak of
tonalite in the Elkhorn Mountains of northeastern Or-
egon. In 1917 the U.S. Board on Geographic Names
officially designated the peak “Ireland Mountain,” and
the local usage of the term “Bald Mountain” gradually
was discontinued. The new name “Ireland Mountain”
was soon changed to “Mount Ireland” (fig. 2.1). How-
ever, the name that Lindgren informally used for the
batholith was retained by Taubeneck (1957) mostly in
recognition of Lindgren’s many pioneering contribu-
tions, including a remarkable geologic map of much of
northeastern Oregon and closely adjacent parts of
Idaho. Lindgren’s (1901) classic reconnaissance map,
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based on approximately three months of field work,
encompasses about 17,550 km2, has a contour interval
of 500 ft, accurately indicates the peak then known as
Bald Mountain, and shows much of the associated
batholith. The accomplishments of Lindgren in the
Blue Mountains region strongly suggest that he is
among the most perceptive of the great American re-
connaissance geologists.

The 450-km? Bald Mountain batholith (figs. 2.2
and 2.3) is mostly in the central part of the Elkhorn
Mountains. About 78 percent of the batholith is south
of lat 45° N.; here exposures generally are good to
excellent except in some of the westernmost and
easternmost parts of the batholith. Contacts of the
batholith north and east of Mount Ireland (fig. 2.2)
commonly are concealed by glacial deposits. The
batholith is mountainous south of lat 45° N. with ele-
vations commonly greater than 2,375 m; total relief
is 1,555 m. Prior to 1965, no map was available for
the area north of lat 45° N. and only a 1901 map (of
the Sumpter 30-minute quadrangle) at a scale of
1:125,000, was available for the area south of lat 45°
N. Modern 1:24,000-scale topographic maps for the
Elkhorn Mountains and adjacent areas were not
available until the 1960’s and 1970’s when the U.S.
Geological Survey published the Anthony Butte
(1965), Limber Jim Creek (1965), Little Beaver Creek
(1965), Marley Creek (1965), Tucker Flat (1965), An-
thony Lakes (1972), Bourne (1972), Crawfish Lake
(1972), Elkhorn Peak (1972), Granite (1972), Mt. Ire-
land (1972), Rock Creek (1972), and Trout Meadows
(1972) 7%-minute quadrangles (fig. 2.24).

South of lat 45° N., the composite Bald Mountain
batholith consists of at least nine discrete intrusive
units emplaced in a mafic-to-felsic sequence. Intru-
sive activity commenced with the emplacement of
three small gabbroic bodies and a small unit of
quartz diorite, continued with the intrusion of a to-
nalite and granodiorite body herein called the
Elkhorn pluton, which constitutes most of the batho-
lith, and ended with the injection of four small felsic
units. The three gabbroic plutons consist of the norite
of Willow Lake, the norite of Badger Butte, and the
quartz gabbro of Black Bear; the small unit of quartz
diorite is the quartz diorite of Limber Creek (fig. 2.4).
The Elkhorn pluton is compositionally zoned from a
mafic margin (tonalite of Bald Mountain) to a felsic
core (granodiorite of Anthony Lake). The four felsic
units are the leucogranodiorite of Mount Ruth, the
leucogranodiorite of Red Mountain, the leucogranite
of Elk Peak, and the leucogranodiorite of Trail Creek.
Seven of the units listed above were identified in an
earlier report (Taubeneck, 1957), and the names used
here are modified from that report. Two of the
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and named. The rock name for the Elk Peak unit has
been changed from Ileucocratic quartz monzonite

units—the quartz diorite of Limber Creek and the
leucogranodiorite of Trail Creek—are newly mapped
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(Taubeneck, 1957) to leucogranite in accordance with
the classification of Streckeisen (1973).
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This chapter describes the metamorphic aureole
and structure of the Elkhorn pluton, then updates

Contact—-Dashed where intraplutonic

Gradational igneous-facies boundary

Boundary—Divides rocks of same lithology but
differing mineralogy, possible igneous
intrusive contact

Southwest edge of zone of distinct eastward and
northeastward decrease in xenolith population
within Monumental salient

Strike and dip of bedding

Inclined

Vertical

Strike and dip of foliation
Inclined

Vertical

FiGURE 2.2.—Bald Mountain batholith. A, Generalized

geology of all but northeastern part of Bald Moun-
tain batholith. Except in area south and southwest
of Hunt Mountain, contacts of the batholith with
country rocks were mapped anew (since 1950’s) on
7/-minute quadrangles shown in upper right cor-
ner. Within batholith, contacts of small intrusions
south and southeast of Anthony Lake were mapped
in 1950’s on Sumpter 30-minute quadrangle (1901)
and are only approximate. B, Topographic and cul-
tural features of Elkhorn Mountains and extent of
Bald Mountain batholith (heavy line is contact be-
tween batholith and country rocks). Also shown are
named salients and wedges in southern part of Bald
Mountain batholith.
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EXPLANATION

III Tonalite of Bald Mountain (Late Jurassic)

SATELLITIC ROCKS OF BALD MOUNTAIN BATHOLITH

N Tv : Volcanic rocks (Tertiary)

ROCKS OF CENTRAL PART OF BALD MOUNTAIN BATHOLITH Granite of Isham Spring (Late Jurassic)

Tonalite of North Fork (Late Jurassic)

ROCKS OF PERIPHERAL PART OF BALD MOUNTAIN BATHOLITH

PREBATHOLITHIC ROCKS

Leucogranite of Dutch Creek (Late Jurassic) ’Rm Metagabbro and Elkhorn Ridge Argillite,
undivided (Triassic and Paleozoic)
Granite of Anthony Butte (Late Jurassic)
—Llocally contains large quartz diorite Contact—Dotted where concealed
inclusions (qd)
7 ™ Strike and dip of bedding
VJb'V"eA Granodiorite of Beaver Meadow (Late Jurassic)
e Granodiorite of Indiana Mine Road (Late

Jurassic)

Boundary quartz diorite unit (Late Jurassic)

Quartz diorite of Wolf Creek (Late Jurassic)

FIGURE 2.3.—Geology of northeastern part of Bald Mountain batholith.
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AGE RELATIONS AND DISTRIBUTION OF ROCKS
NEAR BALD MOUNTAIN BATHOLITH

The Bald Mountain batholith intrudes a wide-
spread and heterogeneous assortment of metasedi-
mentary rocks that compose the Elkhorn Ridge
Argillite (Gilluly, 1937) as well as scattered masses of
metagabbro with small amounts of serpentinized ul-
tramafic rocks.

The Elkhorn Ridge Argillite consists of predominant
argillite, tuffaceous argillite, cherty argillite, and rib-
bon chert with small amounts of tuff, graywacke, mas-
sive chert, limestone, and rare conglomerate. Fossils
of Pennsylvanian, Permian, and Triassic age occur
within limestone pods in the Elkhorn Ridge Argillite
(Brooks and others, 1982) and indicate that the differ-
ent limestones are parts of a complex lithologic mix of
similar-appearing rocks. The Elkhorn Ridge Argillite
has persistently defied attempts to stratigraphically
subdivide it. Its most northerly exposures, heretofore
unmapped, are located in the northern part of the
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inlier of pre-Tertiary rocks (fig. 2.5) in the Little Bea-
ver Creek quadrangle (fig. 2.2A) and are part of the
Baker terrane (Silberling and others, 1984).

The ages of the metagabbro and associated ultrama-
fic rocks within the aureole are uncertain. Metagabbro
exposed 50 km southeast of the batholith is at least
241 Ma (Brooks and others, 1982), whereas gabbroic
rocks about 70 km southwest of the batholith are at
least 278 Ma (Walker and Mattinson, 1980).

Small masses of previously unreported ultramafic
rocks are associated with metagabbro and schistose
amphibolite north of lat 45° N. in the Tucker Flat
and Anthony Butte quadrangles (fig. 2.24). These
masses, mostly in country rocks near the southeast
part of the granite of Anthony Butte (fig. 2.3), are
among the northernmost exposures of ultramafic
rocks in Oregon and are part of the Baker terrane.

K-Ar and Rb-Sr ages and Sr isotopic compositions
(Armstrong and others, 1977) of rocks from the Bald
Mountain batholith suggest emplacement of the bath-
olith about 160 Ma in a volcanic-arc environment.

118° 20' 00"

EXPLANATION

© Qal | Alluvium (Quaternary)

Volcanic rocks (Tertiary)

Jn Northern biotite granodiorite (Late Jurassic)

Central quartz diorite (Late Jurassic)

Southeastern biotite granodiorite and biotite
tonalite (Late Jurassic)

Southern quartz gabbro and quartz diorite
(Late Jurassic)—Divided into:

= qud\:: Quartz diorite

Quartz gabbro

PRE-JURASSIC ROCKS

Elkhorn Ridge Argillite (Triassic and
Paleozoic)

Metagabbro

Contact—Dotted where concealed or inferred

70 Strike and dip of bedding

FIGURE 2.5.—Reconnaissance geology of Guard Station inlier. Many very small granitic bodies, including at least two consisting of
granite, are not shown on map.
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The northern part of the batholith is overlain by
Miocene Grande Ronde Basalt in the Tucker Flat and
Anthony Butte quadrangles (fig. 2.24) and by older
Tertiary volcanic rocks (Walker, 1973) to the west in
the Limber Jim Creek quadrangle. The older volcanic
rocks extend south of lat 45° N. into the Crawfish
Lake quadrangle, where they conceal the west contact
of the batholith with country rocks for about 6.5 km.

GEOGRAPHIC NAMES

For reference purposes certain parts of the batholith
and adjacent country rocks have been assigned geo-
graphic names (fig. 2.2B). The westward-projecting
mass of tonalite in the southwestern part of the bath-
olith is known as the Monumental salient (Hewett,
1931). The wedge of country rocks that separates the
north side of the Monumental salient from the central
part of the batholith herein is called the Belleview
wedge. The eastward-projecting mass of tonalite in
the southeastern part of the batholith is designated
the Hunt Mountain salient (Taubeneck, 1957). The
wedge of country rocks that separates the north side
of the Hunt Mountain salient from the central mass of
the batholith is called the Muddy Creek wedge
(Taubeneck, 1957).

METAMORPHIC AUREOLE OF BALD MOUNTAIN
BATHOLITH

The well-developed contact aureole of the Bald
Mountain batholith includes thermally metamor-
phosed ultramafic rocks, metagabbro, metadiorite,
greenstone, graywacke, limestone, and chert. Argilla-
ceous rocks of the Elkhorn Ridge Argillite—metamor-
phosed to pyroxene hornfels facies and including
argillite, cherty argillite, and tuffaceous argillite
(Pardee and Hewett, 1914)—are the predominant
type of country rock. Ribbon chert and cherty argil-
lite are the main rock types in the Belleview wedge,
whereas metagabbro composes nearly all of the Mud-
dy Creek wedge (fig. 2.2B). The widespread high-tem-
perature assemblages in argillaceous rocks, impure
limestone, metagabbro, and serpentinite near the
contact of the batholith are attributed to the em-
placement of hot and relatively dry tonalitic magmas.

Aureole rocks are considered in the order of ribbon
chert, cherty argillite, argillite and tuffaceous argillite,
limestone, metagabbro, and ultramafic rocks. The met-
amorphic mineralogy of cherty argillite is characteris-
tic of pelitic assemblages, whereas the mineralogy of
argillite and tuffaceous argillite is representative of
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basic assemblages. Field and laboratory data are
mostly a summary of work done in the 1950’s.

RIBBON CHERT

The grain size of recrystallized quartz in ribbon chert
near the batholith generally is a good field approxima-
tion of the intensity of thermal metamorphism. Ribbon
chert is moderately common throughout much of the
aureole and locally is the dominant rock type. The
rhythmic layers, mostly less than 7 ¢m thick, are sep-
arated by thin argillaceous partings. Quartz crystals
in chert within 150 m of the contact are glassy and
commonly 1 to 3 mm across in hand specimens. Grain
size progressively decreases away from the batholith
and generally is less than 0.5 mm in rocks more than
350 m from the contact.

Rocks of the Belleview wedge provide an example
of the correlation of grain size in ribbon chert with
intensity of thermal metamorphism. Ribbon chert
and cherty argillite that are plastically deformed and
intensively recrystallized characterize all but the
southwestern part of the Belleview wedge. The grain
size of most of the chert exceeds 0.5 mm and sug-
gests metamorphism at temperatures of and above
hornblende hornfels facies.

The correlation of grain size in ribbon chert and
intensity of thermal metamorphism is evident else-
where in northeastern Oregon in rocks of the Baker
terrane. For example, the grain size of recrystallized
quartz in ribbon chert is a useful guide to the prox-
imity of the west and southwest contacts of the Big
Lookout Mountain stock, which is about 68 km east-
southeast of Hunt Mountain, and of the south and
southeast contacts of the Pedro Mountain stock,
which is about 64 km southeast of Hunt Mountain
(figs. 2.1 and 2.2).

CHERTY ARGILLITE

High-temperature mineral assemblages in meta-
morphosed cherty argillite in the Belleview wedge dif-
fer in mineralogy from assemblages in cherty argillite
south of the Elkhorn pluton. Moreover, gneiss derived
primarily from cherty argillite extends throughout
most of the Belleview wedge, whereas the distribution
of metasedimentary gneiss is restricted elsewhere in
the aureole. Accordingly, metamorphosed cherty argil-
lite of the Belleview wedge and of the aureole south of
the batholith are described separately.

IN THE BELLEVIEW WEDGE

Metasedimentary rocks in an 18-km? area of intense
metamorphism comprising most of the Belleview
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wedge were justifiably regarded as Archean gneiss by
Lindgren (1901, p. 577), who correctly reported that
the rocks have no counterparts in northeastern Ore-
gon. Lindgren (1901, p. 594) rejected “the supposition
of contact-metamorphic origin” for the gneiss because
“it is completely recrystallized over a large area.” The
rock type and age assignment of Lindgren (1901) un-
derscore the unique features of the metasedimentary
rocks. The gneiss is mostly an intensely metamor-
phosed cherty argillite but includes some very argilla-
ceous ribbon chert that also was converted into gneissic
rocks. Metamorphosed ribbon chert typically is com-
posed of more than 90 to 95 percent quartz and there-
fore occurs either as small and distinct quartz-rich
areas within the gneiss or as much larger areas, many
meters in width, that alternate with gneiss. The visible
difference in quartz content between areas of metamor-
phosed ribbon chert and gneiss is accentuated by the
common retention of very crude bedding (the original
argillaceous partings) in the ribbon chert, in contrast
to the obliteration of sedimentary bedding in the
gneiss. Foliation in the gneiss is mostly defined by
wispy streaks and lenticular concentrations of biotite
as much as 3 cm long. Assorted boudins in the gneiss
commonly intensify the foliation. The gneiss is not
migmatitic or cut by leucocratic veins, except locally by
small pegmatites that contain tourmaline.

Modal analyses of ten rock specimens of gneiss gave
the following range in volume percent for the five
major minerals: quartz, 41.1 to 74.5; plagioclase, 7.1 to
29.6; biotite, 8.0 to 23.4; orthoclase, 0.3 to 8.8; and
cordierite, 2.1 to 7.3. Significant minerals present in
some but not all rock specimens are sillimanite, anda-
lusite, and garnet. Muscovite (from 0.3 to 2.4 percent
by volume) occurs in eight rocks and is mostly a re-
placement of cordierite and andalusite, as well as of
orthoclase and plagioclase. Some muscovite in three
rocks could be primary. Accessory minerals generally
include fairly constant amounts of apatite, tourmaline,
monazite, and iron oxides, but widely variable quanti-
ties of graphite (from 0.1 to 4.2 percent by volume).

The overall grain size of the gneiss is approximately
1 mm; quartz and cordierite have maximum dimen-
sions of about 3 mm, whereas biotite and plagioclase
have maximum dimensions of only about 1.5 mm. Bi-
otite and cordierite in strongly deformed rocks exhibit
marked parallelism to foliation, as do most of the
small aggregates of graphite (as much as 0.25 mm in
length) that typically occur along grain boundaries.
The most extreme elongation of cordierite is about 10
to 1. In strongly deformed rocks some quartz that is 2
to 3 mm in greatest dimension and parallel to folia-
tion has length-to-width ratios of as much as 4 to 1
and rarely 5 to 1.

All 21 rock specimens of gneiss were collected from
about 9 to 360 m from the batholith. The diagnostic
high-temperature pair of cordierite and orthoclase oc-
curs with quartz, plagioclase, and red-brown biotite
in each of the 21 rock specimens. The potassium feld-
spar is orthoclase, as determined on the flat stage by
estimated optic-axial angles (2V) of about 55° for
nearly centered acute-bisectrix figures. Zoning in the
plagioclase is a clear indicator of disequilibrium.
Rather strong normal zoning predominates, but local-
ly as many as four oscillations occur.

Sillimanite, fibrolite, garnet, and andalusite occur
in two or more of the 21 rock specimens of gneiss.
Sillimanite is the name applied here to prisms that
are approximately 0.01 mm or more in width, where-
as fibrolite denotes much thinner prisms that occur
mostly as fibrous bundles, sprays, and mats. Silli-
manite is present in two rocks, 9 and 30 m from the
batholith. Garnet and fibrolite each occur in six rocks
from 9 to about 360 m from the batholith; two of the
rocks contain both minerals. Garnets are mostly from
0.05 to 0.5 mm across; a few are as much as 1.0 mm
across. Crystals less than about 0.1 mm are common-
ly euhedral to subhedral, whereas larger garnets are
mostly irregular, commonly perforated, and frequent-
ly characterized by a core of opaque inclusions. Anda-
lusite, present in eight rocks from 20 to about 345 m
from the batholith, is a relict mineral generally com-
posing not more than 0.2 percent by volume of each
rock. Simultaneous extinction of relicts in three thin
sections indicates that andalusite originally occurred
as crystals of at least 0.5 to 1.0 mm in size. The
relicts also suggest that andalusite was of wide oc-
currence during the early history of the gneiss. Sig-
nificantly, in the extreme southwestern part of the
Belleview wedge, beyond the area of gneiss, euhedral
porphyroblasts of andalusite occur about 1 km from
the batholith.

No specimens of gneiss were collected farther than
360 m from the contact with the batholith, so no report
of metapelitic assemblages in the interior of the Belle-
view wedge is possible in this chapter. Some specimens
of basic metasedimentary rocks, however, provide
information about metamorphic intensities in the inte-
rior of the wedge. Basic metasedimentary rocks con-
taining amphibole and (or) pyroxene are rare in the
Belleview wedge, but they do occur very near the center
of the wedge, approximately 1.9 km from both the south
and north contacts of the batholith. The rocks are well
foliated and contain hornblende commonly from 0.5 to
1.0 mm in greatest dimension. Among five rock speci-
mens that were collected, one contains brown horn-
blende, plagioclase, diopside, and quartz, whereas
three contain brown hornblende and plagioclase with



56

small amounts of both biotite and quartz. The fifth rock
specimen contains cummingtonite, plagioclase, and bi-
otite with minor quartz and brown hornblende. The
five rock specimens from the center of the Belleview
wedge are very similar to cummingtonite and brown
hornblende schists found within 100 m of the contact
on the south side of the batholith where they are in the
upper part of the hornblende hornfels facies.

SOUTH OF THE ELKHORN PLUTON

Contact metamorphism of cherty argillite south of
the Elkhorn pluton is superimposed on a regional
greenschist-facies metamorphism characterized by
green biotite. The aureole is exposed in its entirety
only on the south side where country rocks extend
outward for 14 km from the contact of the pluton
without being concealed by Cenozoic volcanic rocks or
wide alluvial valleys. The outer limit of the aureole is
difficult to determine in argillaceous rocks because
the distinction between green and brown biotite is
not optically possible in very fine grained metasedi-
mentary rocks. Brown biotite is much easier to iden-
tify in metagabbro near the aureole boundary; it
occurs in chlorite in metagabbro 6.5 km from the
Elkhorn pluton.

Proceeding toward the batholith in the zone of
brown biotite, garnet is present about 2,500 m from
the contact but is not common within the aureole,
whereas cordierite is common and occurs at least
1,320 m from the contact. Orthoclase is found at
least 1,270 m from the contact. Inadequate rock spec-
imens of cherty argillite prevent a more precise de-
termination of the first appearance in the aureole of
garnet, cordierite, and orthoclase.

Grain size in metamorphosed cherty argillite south
of the batholith varies considerably even within the
same thin section. Within a given thin section, grain
size is determined by the ratio between quartz and
argillaceous material, including graphite. For exam-
ple, a quartz-rich layer or lens in a thin section com-
monly will have a grain size several times larger
than that of associated argillaceous layers and lens-
es. Grain size decreases as the amount of biotite and
graphite increases. Thus grain size in the metapelitic
cherty argillite cannot be correlated as closely with
distance from the batholith as can the size of quartz
crystals in metamorphosed ribbon chert. The general
range in grain size for most rock specimens of cherty
argillite within 15 m of the contact is 1 to 2 mm for
quartz, 0.2 to 0.5 mm for biotite, and 0.4 to 1.3 mm
for orthoclase, plagioclase, and cordierite.

Petrographic data in this paragraph apply to 71
aureole specimens of cherty argillite, all collected ap-
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proximately S. 10° E. of Summit Lake (fig. 2.2) along
a traverse of 1,090 m that commenced at the contact
of the batholith. Orthoclase, cordierite, quartz, and
biotite are the major rock components. Plagioclase is
present only in small amounts, if at all, and exhibits
good normal zoning as far from the intrusive contact
as 125 m. The potassium feldspar is orthoclase as de-
termined (for samples from contact outward for 410
m) on the flat stage by estimated 2V from about 50°
to 60° for nearly centered acute-bisectrix figures. Cor-
dierite is elongated parallel to foliation; elongation
ratios are most pronounced in schists between 240
and 620 m from the batholith. Four very strongly fo-
liated schists contain cordierite with elongation ra-
tios ranging from 5 to 1 to as much as 10 to 1; ratios
of as much as 12 to 1 occur in two other schists.
Within about 575 m of the batholith, muscovite oc-
curs only in small amounts, but it is much more
abundant farther from the intrusive contact. Most
muscovite within half a kilometer of the batholith is
an alteration of cordierite, whereas many flakes of
muscovite farther than 575 m from the contact are
independent of cordierite. Muscovite not associated
with cordierite commonly crosscuts foliation; this re-
lation implies a retrograde origin for the muscovite.
Biotite is widely distributed throughout the aureole
and allows investigation of the possibility that the
mineral composition of biotite changes progressively
with increasing metamorphism. Pitcher and Sinha
(1957) showed that changes in composition of biotite
in the aureole of the Ardara pluton, Northern Ire-
land, coincide with systematic variations in refractive
index. Biotite from the aureole of the Bald Mountain
batholith was concentrated from 72 rocks that were
collected south of the batholith from within 950 m of
the contact. The P index for biotite from rocks within
230 m of the contact is generally between 1.637 and
1.655, whereas the index is mostly between 1.607
and 1.637 for rocks farther from the contact. The in-
dex for biotite from 12 of the 72 rocks is inconsistent
with these values. Therefore, the data show only an
approximate correlation between refractive index of
biotite and metamorphic intensity. The higher indices
that characterize most biotite withir 230 m of the
batholith presumably denote increases in ferrous iron
and titanium in the biotite (Pitcher and Sinha, 1957).
Graphite is much more abundant in the aureole
rocks than is apparent from the examination of thin
sections because it occurs as small flakes along grain
boundaries. The mineral commonly is rather incon-
spicuous partly because the thin sections are made at
right angles to the planes of schistosity and bedding
in which the flakes lie. Accordingly, the small crystals
in general show the minimum cross-sectional area
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and are easily overlooked in many rocks that contain
comparatively small amounts of graphite. An esti-
mated 20 percent of the argillaceous rocks (argillite
as well as cherty argillite) collected south and south-
east of Summit Lake contain more than 2 percent
graphite. The presence of graphite in argillaceous
rocks can be verified by placing —100-mesh powder of
crushed rock in a large glass beaker and vigorously
introducing tap water, allowing the larger grains to
settle from the suspended minute particles, and de-
canting and repeating the process. Where graphite is
present, a grayish-black scum of the mineral will col-
lect on the top of the water in the beaker.

Rutile also is more abundant than apparent in thin
sections, in which it is discerned as small crystals
that mostly appear opaque in ordinary light and com-
monly are masked by flakes of associated biotite. The
crystals of rutile are best seen petrographically in
convergent light. The abundance of rutile became evi-
dent after the heavy minerals were extracted from
the 72 rocks that were crushed for the separation of
biotite. Knee-shaped twins of rutile are common
among the heavy minerals; rutile probably is more
widespread in metamorphosed argillaceous rocks
than has been realized.

Sporadic tourmaline is seen in thin sections of
rocks from near the contact of the Elkhorn pluton to
beyond the aureole. Much of the tourmaline is in bio-
tite-rich horizons within cherty argillite. The mineral
was seen neither in microfractures (in thin sections)
nor as megascopic crystals in veins and along joints.
Concentrations of tourmaline were obtained from 21
rocks within 20 to 2,400 m of the contact, but no pat-
tern was recognized in the indices of refraction, dis-
tribution, or color of tourmaline throughout this part
of the aureole. The distribution and occurrence of
tourmaline suggest that it is not a metasomatic by-
product of granitic emanations. Presumably boron in
the argillaceous sediments contributed to the growth
of tourmaline.

Remarkable concentrations of apatite occur in a
thin section of a cherty argillite collected southeast of
Summit Lake and about 20 m from the near-vertical
contact of the batholith. The largest concentration of
apatite is confined to a quartz-rich area of 24 mm?
that contains 451 apatite crystals mostly 0.01 to 0.20
mm across. Apatite constitutes 16.2 modal percent of
the rock within the quartz-rich area. Two hundred
ninety-three crystals of apatite occur along three
chainlike stringers that represent annealed fractures.
The other 158 crystals are restricted to grain bound-
aries between quartz. The second eye-catching occur-
rence of apatite is a lens-shaped pod packed with 93
crystals; the pod is about 1.0 mm long and as much
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as 0.35 mm wide. Two more concentrations of apatite
are associated with continuous sequences of biotite
that define recrystallized argillaceous material. One
occurrence consists of 23 closely spaced crystals with-
in 2.0 mm, whereas the other has 9 chainlike crys-
tals within a distance of 0.5 mm.

Two additional concentrations of apatite are present
in a thin section of a cherty argillite also collected
southeast of Summit Lake but about 35 m from the
batholith. Both occurrences are veinlike and parallel
to the foliation, and they extend mostly along grain
boundaries of quartz. Locally, however, one or more
comparatively large crystals of quartz are crossed by
the veins. One vein containing about 560 small crys-
tals of apatite extends from the edge of the thin sec-
tion for about 12 mm into the interior of the section.
The second vein contains an estimated 700 crystals of
apatite and extends across the width of the thin sec-
tion for about 16 mm. All concentrations of apatite in
the two rock specimens are interpreted as of pneumat-
olytic origin.

Index determinations for apatite from 26 aureole
rocks within 1,000 m of the batholith range from
1.633 to 1.640 for n, and from 1.637 to 1.643 for ny;
these values are essentially the same as indices for
apatite extracted from four widely scattered tonalite
specimens from the batholith. All indices are charac-
teristic of fluorapatite.

Garnet, from about 0.02 mm to rarely as much as
0.5 mm across, occurs in 12 rock specimens from 3 to
about 2,500 m from the batholith. Much of the garnet
is irregular, but nearly all crystals less than about 0.1
mm in four rock specimens are subhedral. Crystals in
half of the rock specimens are commonly perforated
with voids as much as 0.02 mm across; many crystals
in two rock specimens contain opaque inclusions.

Andalusite as partly resorbed porphyroblasts is
present in two rock specimens from an area about
780 m from the batholith. The embayed and scal-
loped crystals, from 0.5 to 0.9 mm in greatest dimen-
sion, are separated from the graphitic groundmass by
a clear rim of quartz as much as 0.2 mm wide. Anda-
lusite, which also was recovered as a heavy mineral
from one rock specimen that was crushed for the sep-
aration of biotite, clearly was unstable during the
late crystallization history of the aureole rocks south-
east of Summit Lake.

ARGILLITE AND TUFFACEOUS ARGILLITE

Argillite and tuffaceous argillite within 670 m of
the south contact of the batholith occur mostly as
rocks of the hornblende hornfels facies, but a narrow
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zone of pyroxene hornfels-facies rocks is present near
the batholith. The outward extent of hornblende
hornfels-facies rocks beyond 670 m is unknown.

Rocks of both facies are well exposed for almost 8 km
near the contact west of Hunt Mountain (fig. 2.2). The
rocks are contact schists rather than hornfelses. Ortho-
pyroxene was found as far as 38 m from the batholith,
but common replacement by cummingtonite suggests
that the original outward distribution of orthopyroxene
was greater. Typical assemblages containing orthopy-
roxene are (1) orthopyroxene-plagioclase-quartz, (2)
orthopyroxene-plagioclase-biotite-quartz, and (3) or-
thopyroxene-plagioclase-diopside-quartz with or with-
out hornblende. Refractive-index determinations of o
and y for orthophyroxene separated from six specimens
gave compositions of Engg to Engg. Determinations of
o and yindices for plagioclase separated from the same
six specimens gave compositions of Ang, to Angy.

Both cummingtonite and hornblende are common
in the hornblende hornfels-facies rocks. The two am-
phiboles occur together in some rocks but separately
in other rocks. Cummingtonite is common from the
contact outward for about 200 m but occurs as far
outward as 650 m. Both brown and green hornblende
are present; most brown hornblende occurs within
about 100 m of the batholith. Some brown horn-
blende contains cores of cummingtonite. The typical
assemblage containing either cummingtonite or horn-
blende as the only amphibole includes plagioclase
and quartz with or without biotite. Diopside may oc-
cur as an additional mineral in rocks that contain
hornblende as the only amphibole.

Eight rock samples of argillite were collected from
the dismembered screen between the herein-named
granodiorite of Indiana Mine Road (fig. 2.3) and the
boundary quartz diorite unit for comparison with
metamorphic assemblages in argillaceous rocks near
the south contact of the Elkhorn pluton. Five of these
samples are pyroxene hornfels-facies rocks that con-
tain variable amounts of orthopyroxene, diopside,
hornblende, plagioclase, and quartz; biotite is an ad-
ditional mineral in two of the five samples. The re-
maining three samples are hornblende hornfels-facies
rocks that contain hornblende, plagioclase, and
quartz, with or without diopside.

LIMESTONE

Scattered xenoliths of cale-silicate rocks occur
throughout much of the batholith, but wallrock con-
tacts with metacarbonate rocks are rare at the
present levels of exposure. Metamorphosed limestone
near the batholith occurs either as marble, as bedded

calc-silicate rocks, or locally as garnet skarns. Nearly
all exposures of these rocks within 30 m of the con-
tact are poor and discontinuous. Wollastonite is the
highest temperature index mineral in the metacar-
bonate rocks. The best and most accessible examples
of both a garnet skarn and bedded calc-silicate rocks
containing wollastonite are about 1.2 km S. 55° E. of
Antelope Peak (fig. 2.2).

Abandoned prospect pits southeast of Antelope
Peak aid in following the garnet skarn along the con-
tact of the batholith. Minor quartz and epidote occur
with the garnet. A narrow zone of scheelite as much
as 1.5 cm wide commonly extends along the garnet-
marble contact; smaller amounts of scheelite occur
within the massive garnet. The garnet-marble con-
tact, several meters or more from the edge of the
batholith, is sharp and irregular and has extensions
of garnet projecting into the marble in a manner con-
sistent with metasomatism of a pure limestone.

Tonalite as much as 4 m from the contact of the
garnet skarn on the southeast slopes of Antelope Peak
contains diopside instead of hornblende and biotite.
Considerable sphene is characteristic of diopside to-
nalite. Thin sections of 2 of 11 rocks show associations
of diopside and hornblende that suggest replacement
of amphibole by pyroxene. Formation of diopside is
attributed to reaction of the solidifying magma with
limestone and enrichment of CaQ with concomitant
loss of Al,03, (Mg,Fe)O, and SiO, to the wallrocks. In
the tonalite, TiO5 freed by cessation of crystallization
of hornblende and biotite combined with CaO to form
sphene. However, the volume of garnet skarn requires
the transfer of much more material than could have
been derived from the apparent volume of diopside
tonalite as exposed at the surface.

Bedded calc-silicate rocks near the contact southeast
of Antelope Peak occur as fine-layered sequences most-
ly from 5 to 20 mm in width but also in layered se-
quences more than 20 mm wide. Only the wide layers
were sampled. Assemblages in seven rock specimens
are wollastonite-diopside-plagioclase and wollastonite-
garnet-diopside. Plagioclase separated from three
rocks is Angg g¢. The four minerals in the two assem-
blages have random orientations except where wollas-
tonite is aligned between two or more closely spaced
crystals of garnet. Preferential deformation of plagio-
clase is evident by recrystallized shear zones, bent
twinning lamellae, and microfaults with offset twin
lamellae.

Wollastonite in the Belleview wedge occurs in four
small lenses of bedded calc-silicate rocks at distances
of about 100, 250, 310, and 1,300 m from the batholith.
The lenses are from 0.5 to 3.0 m in maximum width
and from about 4 to 7 m in length. The most conspic-
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100 m and more. The sporadic structures are indica-
tive of numerous magma surges and pulses during
the consolidation phase of emplacement of the grano-
diorite core and the interior of the tonalite in the
Monumental salient.

Examination of the granodiorite core was mostly
confined to a 12-km? area south to east of Anthony
Lake; the greatest number of continuous exposures of
the granodiorite core occur here. The area is charac-
terized by sharp peaks and cirque basins. The south-
eastern part of the core, deeply dissected by a major
glaciated valley that includes Dutch Flat (fig. 2.2), re-
mains to be studied.

Textbooks, field manuals, and the nonetheless
highly commendable memoir of Balk (1937) provide
little guidance for the recognition of planar structure
throughout much of the interior of the Elkhorn plu-
ton. Therefore, field procedures and observations are
detailed herein because the Bald Mountain batholith
is not unique in its elusive planar structure, rocks
with relatively smooth joint surfaces, and common
exposures either controlled by steep diagonal joints
or shaped by exfoliation.

Diagonal joints warrant primary -consideration.
Serrate ridges as well as notched or V-shaped peaks
are common physiographic expressions of diagonal
joints in recently glaciated granitic terrains. Gun-
sight Mountain (fig. 2.2B) is merely one example of a
notched peak south of Anthony Lake. Much of the
Wallowa batholith also is dominated by diagonal
joints. Excellent examples of sawtooth ridges occur in
unit 3 of the Wallowa batholith about 9.8 km S. 25°
W. of the south end of Wallowa Lake (fig. 2.11).

Most exposures south to east of Anthony Lake are
controlled by two prominent northeast-striking diago-
nal-joint sets that dip 35°—45° NW and 60° SE, re-
spectively. Faintly to even moderately delineated
planar structure is difficult to detect because (1) the
relatively smooth joint surfaces obscure the struc-
ture, (2) the diagonal joints restrict the interval for
recognition across outcrops, and (3) the glaring reflec-
tion of the sun from the dominant diagonal surfaces
(the northwest-dipping set) makes further structural
elucidation nearly impossible.

The character of the exposed rock surface is an im-
portant factor in the recognition of planar structure;
with increasing roughness of the rock surface, planar
structure is increasingly discernible. The most favor-
able surfaces are those created by dynamite blasting
done by the U.S. Forest Service in making trails.
Weak planar structure that is visible in massive rock
on large surfaces exposed by blasting generally cannot
be seen on adjacent smooth-jointed natural exposures.
Large talus blocks at the base of cliffs, especially
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blocks 1 m or larger in size, as well as natural expo-
sures with rough surfaces commonly reveal structure
that is obscure on relatively smooth surfaces.

Diagonal-joint surfaces south to east of Anthony
Lake are among the most difficult in the pluton to
examine with any degree of success. On these surfac-
es, traces of planar structures mostly trend at angles
within 45° to 75° of joint strikes. Even fairly well de-
lineated planar structure is not easy to recognize look-
ing downdip along surfaces that are inclined at 35° to
45°, because the observer is looking at an acute angle
at a surface that is rapidly becoming too distant for
inspection. Therefore the surface area that can be
viewed at the proper distance or proper angle is inad-
equate. Any structure in the rocks is much easier to
detect if the observer turns 180° and then scans a
surface that is at a roughly uniform radial distance.
Viewing an exposure from several different angles and
different distances is essential to the recognition of
any poorly defined planar structure. The angle of rec-
ognition of elusive planar structure on diagonal-joint
surfaces commonly is as low as 20°.

The diagonal-joint set that dips 35°—45° NW. exposes
the largest continuous surface areas amenable to the
identification of planar structure. As noted previously,
however, even fairly well defined planar structure is
generally difficult to recognize looking downdip at an-
gles of 35° to 45°. But looking updip is also difficult
because in this area it necessitates facing southeast,
toward the sun. The constant reflection of sunlight
from the white surfaces of granodiorite is an almost
insuperable obstacle; however, in October, before the
arrival of the winter snows, many areas of northwest-
dipping diagonal joints (especially where angles are
near 45°) are in shade for as many as four consecutive
hours and some throughout the day.

Taking advantage of smoke from wildfires and using
artificial-shading devices are two means of facilitating
the recognition of planar structure. Major wildfires
are fairly common during August and September in
northeastern Oregon and generally burn for 15 to 25
days. Smoke from wildfires as much as 130 km away
can reduce midday visibility to a distance of 6 to 10
km. Planar structure is more easily detected in the
Elkhorn pluton on any day when smoke reduces visi-
bility to less than about 25 km. Thus very good to
excellent field observations are possible throughout
the day when visibility is only 6 to 10 km.

Artificial-shading devices permit the detection of
fairly to moderately well delineated planar structure.
The devices are almost always practical on south-fac-
ing slopes, and they also are useful during July and
August for most north-facing slopes. Examples of effec-
tive artificial-shading devices are pieces of cardboard
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and a standard collapsible umbrella. An advantage of | An unopened umbrella’s compact size means that it is
cardboard is its availability in a wide range of sizes. | small enough to fit inside a day pack, but recognition
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of weak structure commonly requires a larger shadow
than that provided by an umbrella (depending in part
on the hour of day, month of year, and latitude of the
area). For example, even at high noon on October 15
at lat 45° N., a 6-ft (~1.8-m) person standing on a
horizontal surface will cast a 2-m shadow that rapidly
lengthens within 90 minutes. The shadow at noon on
June 15 is only about 0.7 m, but it is 4 m long at noon
on December 15. Therefore, the effectiveness of the
same artificial-shading device for revealing weak
structures varies according to time and place.

Examination of most exposures south and south-
east of Anthony Lake indicates respectively that east
and northeast structural trends and west-northwest
trends dominate (fig. 2.2). About 4 to 5 km east and
east-southeast of the lake, trends have changed to N.
0°-25° W. Overall, including areas not previously
mentioned to the north and southwest of the lake,
the apparent pattern of structural trends in the inte-
rior of the Elkhorn pluton crudely defines an arc of
about 130°. The arcuate pattern is consistent with
upward surges of magma during the progressive in-
ward consolidation of the core.

Planar structure where present within the interior
of the Monumental salient varies from faint to well
defined. Tonalite in the western one-fourth of the sa-
lient occurs as exfoliation knobs. Such rounded sur-
faces complicate the recognition of planar structures
and the determination of their orientations, but the
extent of the complications depends on many factors.
For example, structure in exfoliation knobs north of

EXPLANATION

Surficial deposits (Quaternary)—Shown
only near Wallowa fault

Columbia River Basalt Group (Miocene)

Granitic intrusive rocks (Jurassic)

Gabbroic intrusive rocks (Jurassic)

II Sedimentary rocks (Jurassic and Triassic)
—Includes some mafic volcanic rocks

Contact—Short dashed where approximately
located

Gradational unit boundary

High-angle fault—Dashed where approximately

located; dotted where concealed. Bar and
ball on downthrown side

x Aplite body

FIGURE 2.11.—Generalized geologic map showing
units 1 through 4 of Wallowa batholith; these
four compositionally zoned plutons, composed of
tonalite and granodiorite, constitute most of the
Wallowa batholith. Locations of three large ap-
lite bodies are also shown.

the intraplutonic contact (fig. 2.2) is comparatively
easy to recognize partly because the structure is ac-
centuated by the large size, pronounced elongation,
and relative abundance of mafic inclusions. In con-
trast, the relative scarcity, smaller size, and absence
of pronounced elongation of mafic inclusions in the
western part of the Monumental salient contribute to
the difficulty of recognizing planar structures there.
The contrast is intensified by weaker fabrics in rocks
from the salient due, for instance, to their containing
less than half as much hornblende, which is impor-
tant in defining the fabric. Structural definition in
the western part of the salient is, at best, only fair to
fairly good.

Exfoliation knobs in the salient commonly are sur-
rounded at ground level by spalled slabs and rinds.
The most instructive slabs are more than 0.6 mz, at
least 7 ¢cm thick on two adjoining sides, and compara-
tively fresh; have originated from the central and low-
er parts of knobs that are more than 2.5 m high; and
provide rock surfaces for inspection in three different
directions. Planar structure can be determined more
readily in such slabs than in the knobs themselves.
Rotating a slab in the air is essential in searching for
unknown structure but is more important in confirm-
ing and documenting the attitude of suspected struc-
tures. The confirmed attitude is marked on each slab.
A larger slab’s original position on the knob generally
is apparent and may be verified by lifting and then
moving a slab until the respective curved surfaces of
knob and slab coincide precisely.

Many knobs do not yield even one suitable exfolia-
tion slab for the possible detection and measurement
of planar structures. Furthermore, some appropriate
slabs cannot be convincingly restored to their original
position. Examination of the knobs commonly disclos-
es incipient to well-developed exfoliation cracks, many
of which permit the breaking of large pieces of rock for
inspection. Massive exfoliation surfaces are best bro-
ken with a heavy, long-handled rock hammer such as
a 2-kg German hammerhead on a hickory handle or a
6-1b American sledge. Large specimens broken from
exfoliation knobs facilitate the recognition of fair to
moderately well defined planar structure, but the sur-
face areas are inadequate for the recognition of weak
structures.

Joint surfaces rather than exfoliation surfaces char-
acterize the well-exposed rock at higher elevations in
the central and eastern parts of the Monumental sa-
lient. The tonalite throughout most of the salient is
distinctive compared to tonalite elsewhere in north-
eastern Oregon in its relatively large number of xeno-
liths composed of country rocks. Oriented xenoliths are
the best indicators of otherwise weak fabrics. Xenoliths
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of foliated country rocks, mostly metagabbro, common-
ly occur as elongated inclusions many of which are
small slivers less than 5 cm long. The slender dark
slivers that contain abundant hornblende are readily
visible and, where aligned, accentuate or confirm a
weak planar structure. Some narrow inclusions of rib-
bon chert also are arranged with their longest axes
parallel to enclosing foliation planes. It is notable that
aligned xenoliths are not everywhere accompanied by
foliation planes. However, aligned xenoliths without
associated foliation planes generally are parallel to
planar structure in nearby areas.

A representative axis of planar structure in the in-
terior of the Monumental salient trends west-north-
west at an angle across the salient (fig. 2.2) rather
than parallel to the length of the salient, which runs
east-west. This structural axis closely parallels a line
drawn through the narrowest part of the neck of the
salient and coincides with the overall west-northwest
trends of country rocks on either side of the neck.
These gross relations suggest that the salient initially
was an independent, satellitic intrusion that subse-
quently coalesced with the main part of the batholith.

Planar structure within the neck of the salient var-
ies from faint to well defined but is absent in many
exposures. Trends in the neck are much more variable
than in the interior of the salient and locally arc as
much as 45° within 245 m. In the northwest part of
the neck, structures generally trend north-northwest
to north-northeast (fig. 2.24). In the southeast part of
the neck, structures trend northeast. However, in the
restricted exposures of the northern part of the border
area between the neck and the salient, structures are
mostly west-northwest, parallel to both the long direc-
tion of the neck and structures to the southwest in the
interior of the salient. These west-northwest trends
are contrary to the structural pattern that would be
expected as a result of magma passing through the
neck between the batholith and the salient, and sup-
port the interpretation that the salient originally was
a satellite of the batholith. The lack of structural sym-
" bols on figure 2.2 in the important 1-km-wide zone
just south-southwest of the neck is caused by a glacial
valley (fig. 2.4) that contains only a small number of
iron-stained roches moutonnees, each without discern-
ible planar structure.

Extensive limonitic alteration along closely spaced
joints associated with gold-quartz mineralization
(Lindgren, 1901; Ferns and others, 1982) greatly com-
plicates the recognition of planar structure throughout
much of the neck. The principal joint set includes one
major and many minor zones of atypical joints that are
very closely spaced (2.5 to 20 ¢cm apart), hydrothermal-
ly altered, and accompanied by gold-quartz veins that
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mostly parallel the jointing. In areas outside of the
zones of atypical jointing, joints of the principal joint
set are less regular, mostly spaced from 0.3 to 2.4 m
apart, and generally parallel to the trend of the near-
est zone of atypical joints. The principal joint set com-
mences about 5 km S. 78° E. of Mount Ireland (fig.
2.2), strikes about N. 10° W. for almost two km, and
then gradually arcs to the northeast through the neck.
In the area of figure 2.4, the major zone of atypical
joints extends northward from the southernmost ver-
tical joint symbol (striking N. 20° E.), then arcs
through Cable Cove and the two roches moutonnees on
the north side of Silver Creek before continuing north-
east to the vicinity of the spring east of the North Fork
John Day River. Rock near the spring is a limonitic-
stained grus peppered with many century-old prospect
pits that assist in confirming the northeast continua-
tion of the mineralization and closely spaced joints.
The major zone of atypical joints has a maximum
width of about 1,200 m within 0.5 km north and north-
east of Cable Cove. Minor zones of atypical joints, to
either side of the major zone, are mostly from 2 to 15
m wide. Of the 64 joint symbols shown on figure 2.4,
51 represent the atypical closely spaced joints. Associ-
ated quartz veins are mostly 3 to 50 mm wide; a few
are as much as 60 cm wide.

The gaping joints and gold-quartz veins are the re-
sult of pronounced upward expansion and arching of
the granitic rocks on both sides of the neck. Whatev-
er the earlier emplacement history of the tonalite,
the dominant joint set indicates that the neck and
salient reacted as a coherent unit during the final ep-
isode in the emplacement of the Elkhorn pluton.

INTRAPLUTONIC CONTACT

The gradational zoning within the Elkhorn pluton
from tonalite in the margin to granodiorite in the
core is disrupted 6.5 km north to 8 km northwest of
Anthony Lake and again about 6 km west of Anthony
Lake by an intraplutonic contact (fig. 2.2) where core
magma on the south and east sides intruded already
solidified tonalite on the north and west sides. Tonal-
ite north and west of the intraplutonic contact has a
color index of 17 to 30, whereas younger core rocks
south and east of the intraplutonic contact have an
index of 9 to 16. Rocks on either side of the intraplu-
tonic contact in most areas also can be distinguished
by the presence or absence of planar structure. Older
tonalite north and west of the contact is strongly foli-
ated, whereas younger core rocks south and east of
the contact are generally unfoliated. The foliation
that occurs in core rocks near the intraplutonic con-
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tact (mostly about 8 km N. 50° W. of Anthony Lake)
is faint to fairly good.

The intraplutonic contact invariably separates
rocks of different color index and fabric, but the
younger core rocks are not everywhere of uniform
composition. Nearly all core rocks on the north are
granodiorite, whereas those northwest and west of
Anthony Lake are either granodiorite or rocks transi-
tional between granodiorite and tonalite; core rocks
near the intraplutonic contact about S. 67° W. of An-
thony Lake are tonalite. Locally, the intraplutonic
contact north to northwest of Anthony Lake is accen-
tuated by small intrusions of leucogranodiorite that,
in outcrop, are elongate parallel to the contact. The
best exposed and most accessible intrusion of leuco-
granodiorite, about N. 9° E. of Anthony Lake, is ap-
proximately 600 m long and as much as 80 m wide.

Relations near the intraplutonic contact north and
northwest of Anthony Lake can be readily determined
for only about 2.5 km in the general vicinity of where
the contact changes in strike from almost east-west to
about N. 75° E. Tonalite in this area has a color index
of about 25, whereas the granodiorite (core) has an
index of about 12. Just east of the directional change
in the contact, foliated tonalite (on the north-north-
west side) with elongated inclusions is within 6 m of
nonfoliated granodiorite (on the south-southeast side)
containing a few rounded inclusions of strongly foliat-
ed tonalite. Inclusions of tonalite are rare or absent
elsewhere in core rocks near the intraplutonic contact.

From due north of Anthony Lake the intraplutonic
contact extends roughly westward for about 7 km before
disappearing beneath Cenozoic volcanic rocks. Elongat-
ed inclusions and faint to fairly good planar structure
are found in core rocks near the contact for about 1.5
km east of the Cenozoic volcanic rocks in notable con-
trast to their absence in core rocks farther east.

A fundamental consideration is whether the intra-
plutonic contact turns southward beneath the Cenozoic
volcanic rocks and reappears somewhere north of the
norite of Badger Butte (fig. 2.2). Planar structure and
associated elongated inclusions in core rocks curve
from about N. 45° E. on the north at lat 45° N. to S.
20° E. about 2.5 km to the south. Virtually all foliation
in core rocks near the intraplutonic contact occurs in
a relatively small area near and just south of lat 45°
N. and apparently formed only where the core magma
was most closely constricted during emplacement. The
curving foliation in the core rocks suggests that the
intraplutonic contact continues, concealed, beneath the
Cenozoic volcanic rocks and reappears to the south.

Relations near the north end of the elongated leu-
cogranodiorite of Trail Creek (fig. 2.2) indicate that
the intraplutonic contact reappears in a poorly ex-
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posed area about 1 km north-northwest of the elon-
gated leucogranodiorite. Mafic tonalite, strongly
foliated, outcrops for about 500 m northwest of the
leucogranodiorite and extends eastward at least as
far as the intraplutonic contact as mapped on figure
2.2. The nearest exposures of nonfoliated granodio-
rite are about 75 m farther east. Almost due south,
near the east contact of the leucogranodiorite of Trail
Creek, nonfoliated granodiorite with a color index of
10 to 14 is exposed intermittently southward for
about two-thirds of the length of the leucocratic in-
trusion. Strongly foliated tonalite with a color index
of 19 to 30 is on both the west and south sides of the
leucogranodiorite. The relations indicate that the in-
traplutonic contact extends southward along the east
margin of the leucogranodiorite (fig. 2.2).

Most bedrock between 300 to 900 m south-south-
east of the leucogranodiorite of Trail Creek is con-
cealed by widespread glacial deposits, but a solitary
exposure of the intraplutonic contact occurs in a
driftless area almost midway between the southern
extremity of the leucogranodiorite and the northeast
corner of the norite of Badger Butte. At this locality
the intraplutonic contact separates a strongly foliated
mafic tonalite on the west with a color index in a
representative rock specimen of 23.8 and a quartz
content of 15.3 from a nonfoliated felsic tonalite on
the east with a color index in a typical rock specimen
of 13.2 and a quartz content of 27.8.

Metasedimentary xenoliths in the driftless area
occur in core tonalite near the exposure of the intraplu-
tonic contact. Relict bedding in the xenoliths, where
preserved, strikes about N. 15° W. and dips vertically.
The largest xenolith is almost 1 m long and as much as
0.35 m wide. Much larger metasedimentary xenoliths
occur in core rocks about 300 m to the north-northwest,
including a banded calc-silicate xenolith more than 12
m long that strikes roughly N. 15° W. and dips 80° NE.;
weak planar structure in the core rocks strikes roughly
north and dips about 75° E. The source of the metased-
imentary xenoliths (which include pyroxene hornfels-
facies rocks with two-pyroxene assemblages) is un-
known, but their restricted distribution near the south
end of the intraplutonic contact suggests that in this
general vicinity an earlier wallrock contact of the bath-
olith with metasedimentary rocks was obliterated dur-
ing the emplacement of core magma. No trace of this
probable former contact occurs to the south at the
present level of erosion. Core tonalite to the south is in
sharp contact with the norite of Badger Butte with no
intervening metasedimentary rocks.

The intraplutonic contact, concealed within 450 m of
the norite of Badger Butte, terminates at the northeast
corner of the norite as determined by the contrasting
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fabric and modal compositions of granitic rocks on the
north (border rocks) and east (core rocks) sides of the
norite. Strongly foliated tonalite north of the norite has
in three specimens a color index of 24.9 to 30.6, a
quartz content of 12.6 to 15.3 volume percent, and only
trace amounts of potassium feldspar, whereas nonfoli-
ated or weakly foliated (one locality) tonalite within 90
m of the east side of the norite has in three specimens
a color index of 13.9 to 16.0, a quartz content of 23.2
to 27.5 volume percent, and a potassium feldspar con-
tent of 0.6 to 1.9 volume percent.

The dip of the intraplutonic contact, whether out-
ward as in classical cauldron subsidence or inward,
can only be indirectly approximated from attitudes of
limited planar structure in core rocks and even more
restricted bedding in local metasedimentary inclu-
sions near the norite of Badger Butte. A nearly verti-
cal dip for the intraplutonic contact is suggested by
planar structure in core rocks near the concave side
of the contact in the vicinity of lat 45° N. (fig. 2.2).
Near the southern extremity of the intraplutonic con-
tact, bedding in metasedimentary xenoliths in core
rocks is vertical or dips about 80° E. Poor planar
structure in associated tonalite also dips steeply east-
ward. In review, field evidence for the outward or in-
ward dip of the intraplutonic contact is inconclusive.

ROCKS OF BALD MOUNTAIN BATHOLITH

For convenience, rocks of the Bald Mountain batho-
lith are divided into those of the central area that
constitutes most of the batholith (fig. 2.2) and those of a
northeastern peripheral area (fig. 2.3) that is small but
encompasses diverse rock types and includes most of
the heretofore-unmapped intrusive units. Rocks of the
two areas are described separately in two mafic-to-felsic
sequences commencing with the intrusive-rock units
(fig. 2.2) that have been restudied or discovered since
1957. The reexamined units are the norite of Badger
Butte and the two units of the compositionally zoned
Elkhorn pluton, the tonalite of Bald Mountain and the
granodiorite of Anthony Lake (names modified from
Taubeneck, 1957). Herein-named additional units with-
in the Elkhorn pluton are the quartz diorite of Limber
Creek, leucogranodiorite of Trail Creek, and granite of
Clear Creek. The mafic-to-felsic intrusive sequences
were established on the basis of field relations.

The newly named units in the northeastern periph-
eral area (fig. 2.3) are the quartz diorite of Wolf
Creek, boundary quartz diorite unit, granodiorite of
Indiana Mine Road, granodiorite of Beaver Meadow,
granite of Anthony Butte, and leucogranite of Dutch
Creek. Granitic rock units mapped in figure 2.3 are
distinctly different from other granitic intrusive rocks

in northeastern Oregon. Accordingly, the format used
in describing each rock unit concludes with a section
in which the distinguishing features of the unit are
summarized.

NORITE OF BADGER BUTTE
SETTING AND GENERAL DESCRIPTION

The norite of Badger Butte (Taubeneck, 1957) is the
largest of the three small gabbroic bodies that are the
earliest intrusive units in the batholith. Limited ac-
cess, poor exposures in most areas, and contacts that
were almost entirely concealed by extensive deposits
of glacial drift restricted fieldwork during the 1950’s
(Taubeneck, 1957). Modern roads with deep roadcuts,
and clear-cut logging of dense forests of lodgepole pine
have disclosed much bedrock since about 1970. A new
study of the norite of Badger Butte was motivated by
the desire to more accurately determine its distribu-
tion, to collect specimens from a larger area than was
originally possible, and to obtain specimens that con-
tain few or no metamorphic minerals.

The dark color of the norite of Badger Butte is
caused primarily by the grayish plagioclase, which is
the dominant mineral. The rock is medium grained
with plagioclase and pyroxene as much as 4.0 mm in
length. Poikiloblastic biotite is commonly 10 cm
across and rarely 20 cm. The norite generally exhib-
its a parallelism of plagioclase and a less pronounced
alignment of pyroxene, but the dark color of the rock
tends to obscure the foliation. Seventeen specimens
were collected for petrographic study. Modal data giv-
en in table 2.1 are for the five rocks with the lowest
amounts of postconsolidation biotite and amphiboles;
the new data constitute a much closer approximation
of the composition of the original norite than did pre-
viously published modes (Taubeneck, 1957).

The norite of Badger Butte, about 6 km? in areal
distribution, is surrounded by the tonalite of Bald
Mountain (fig. 2.2). Deep roadcuts that expose the to-
nalite-norite contact both to the northeast and to the
southeast of Badger Butte reveal that the norite was
intruded by the tonalite. Also, dikes of tonalite with-
in the norite contain inclusions of norite.

MICROSCOPIC DESCRIPTION

The general petrographic features of the norite of
Badger Butte were given by Taubeneck (1957). Addi-
tional descriptive data recorded herein pertain exclu-
sively to deformation and crystallization histories.

Deformation features in plagioclase are more pro-
nounced in the norite of Badger Butte than in any
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TABLE 2.1.—Modes of the norite of Badger Butte

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; ---, not present]

Specimen Quartz Plagioclase ~ Hypersthene Augite Hornblende Biotite Opaque Nonopaque

number minerals  accessory minerals

83 -———-—- 0.9 65.5 18.5 9.1 3.5 0.7 1.4 0.4

84 —-——-—-— 6 67.5 19.7 9.4 1.0 - 1.5 .3

85 ——-——- 4.3 69.6 11.1 3.9 5.8 4.2 .8 .3

98 --——--- 4.6 66.5 10.8 7.2 4.5 4.4 1.4 .6

99 ——=-—- 2 67.8 17.7 9.3 3.2 - 1.4 .4
Average 2.1 67.4 15.6 7.8 3.6 1.8 1.3 4

other unit of the batholith. Plagioclase is recrystal-
lized into groups of small and nearly equant crystals
at pressure points along margins of crystals where
plagioclase contacts other plagioclase or pyroxene.
Twinning lamellae of plagioclase commonly are bent
as much as 10°, less commonly as much as 20°, and
rarely more than 25°. Some plagioclase crystals in 3
of the 17 rocks studied are deformed into S shapes in
which bending generally is most extreme near the
ends of crystals. More intense plastic deformation oc-
curs in a few crystals that show three curve reversals
in the trends of twin lamellae. Whereas plagioclase
shows the effects of strong plastic deformation, py-
roxene commonly is fractured; an exception is one
2.1-mm-long prism of hypersthene that is bent 24°.

Hypersthene crystallized early; many small crys-
tals (0.1 to 0.5 mm) are enclosed within plagioclase.
Augite surrounds or partly surrounds hypersthene,
but inclusions of augite in plagioclase are not com-
mon. Hypersthene commonly is replaced partly by
cummingtonite, whereas augite is replaced partly by
actinolite. Some rocks contain no fibrous amphibole,
but others contain only relics of pyroxene.

Hornblende and biotite are present as undeformed,
poikiloblastic crystals that commonly continue as
narrow extensions along grain boundaries between
plagioclase (original or recrystallized), pyroxene,
quartz, iron oxide, and apatite. In some thin sections,
either hornblende or biotite along a microfracture is
in optical continuity respectively with hornblende or
biotite that is intersected by the same microfracture.
Relations along microfractures support a postconsoli-
dation origin for hornblende and biotite.

TONALITE OF BALD MOUNTAIN AND GRANODIORITE
OF ANTHONY LAKE
SETTING AND GENERAL DESCRIPTION

Rocks in the margin and the core of the composi-
tionally zoned Elkhorn pluton were named the tonal-

ite of Bald Mountain and the granodiorite of Anthony
Lake, respectively (Taubeneck, 1957). Except along
the intraplutonic contact, the two rock units repre-
sent gradational facies of the same intrusion (fig.
2.2), and the only major distinction between the rock
types is a difference in mineral proportions. Accord-
ingly, one general description of both lithologies is
given.

The tonalite and granodiorite are medium-grained
pale-gray rocks containing from 9 to 30 modal per-
cent biotite and hornblende. Granodiorite and much
tonalite in the field are almost white in the glare of
the sun. Granodiorite near Anthony Lake has a color
index of 11, whereas the two ferromagnesian miner-
als commonly constitute as much as 25 modal per-
cent of the tonalite in the north and near contacts of
the Elkhorn pluton.

The crystal habit and maximum size of the major
rock-forming minerals were recorded in the field by
examining more than 100 large exposures of both the
tonalite and granodiorite. Most hornblende occurs in
euhedral prisms that commonly are as long as 8 mm
and rarely 14 mm. The euhedral form of the horn-
blende indicates crystallization from a melt. Only in
some tonalite in the margin of the pluton does the
hornblende have megascopic features that might sug-
gest an origin as restite (White and Chappell, 1977),
that is, unmelted solid residue in granitic rocks that
originated as partial melts in the deep crust. Much
biotite occurs as euhedral books commonly as much
as 5 mm across and rarely 8 mm across. Tabular pla-
gioclase commonly is as long as 6 mm with some
larger crystals present in nearly all exposures. Plagi-
oclase crystals as long as 10 mm occur in many out-
crops; the largest one measured was 14 mm. Quartz
is interstitial with common maximum dimensions of
5 mm and rarely 8 mm. Potassium feldspar is inter-
stitial with poikilitic crystals in granodiorite com-
monly 10 mm across and rarely 16 mm. Detailed
petrographic descriptions of the tonalite of Bald
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Mountain and granodiorite of Anthony Lake are
given in Taubeneck (1957).

COMPARATIVE MODAL COMPOSITIONS AND
CRYSTALLIZATION OF AUGITE

New modal analyses for the tonalite of Bald Moun-
tain and granodiorite of Anthony Lake have provided
a basis for comparing rock units or subgroups of
rocks throughout the Elkhorn pluton in terms of
their petrographic characteristics. Much of the new
data is for tonalite north and west of the intrapluton-
ic contact where relatively few specimens were col-
lected during the early 1950’s (Taubeneck, 1957).
Special attention is paid to augite, which is generally
rare or uncommon in tonalite and granodiorite in
western North America.

Tonalite north of the intraplutonic contact can be
geographically divided into a distinct subgroup of
northern rocks that generally contain a small amount
of augite and a southern subgroup without augite.
Rocks with augite occur in an 18-km? area in the
northwesternmost part of the tonalite of Bald Moun-
tain (north of line A-B, fig. 2.2), whereas rocks without
augite are to the south. Modal analyses of 18 rocks of
the northern subgroup and 12 rocks of the southern
subgroup are given in table 2.2.

The most notable mineralogical feature of the
northern tonalite (table 2.2) is the widespread occur-
rence of augite cores in hornblende, whereas augite
is uncommon or absent in most tonalite elsewhere in
the batholith. The augite cores within hornblende are
generally 0.3 to 1.5 mm across, but two cores exceed
3.0 mm in greatest dimension. The augite is suffi-
ciently abundant to indicate that it was the domi-
nant early mafic mineral to crystallize. Accordingly,
the tonalitic magma must have been water-undersat-
urated during the early crystallization history of the
rocks.

Augite originally was much more abundant in the
crystallizing tonalite than the small modal percent-
age shown in table 2.2 implies. The formerly larger
amounts of augite within hornblende in each of the
18 rocks is indicated by hornblende with bleached
cores that enclose minute crystals of quartz (fig. 2.12;
Taubeneck, 1964). The bleached cores in hornblende
represent an advanced stage in the replacement of
augite by hornblende (Taubeneck, 1967), and the
common quartz inclusions represent silica liberated
during the conversion of pyroxene to amphibole. The
small inclusions of quartz in some cores are almost
vermicular in shape rather than mostly oval, ellipti-
cal, or elongated as shown in figure 2.12. Generally
the sieve-like areas of quartz in hornblende are dis-

tinctly bleached; some are only faintly bleached; a
few are not associated with a change in color of the
amphibole.

The original crystal habit of augite is best seen in
longitudinal sections rather than in nearly equidi-
mensional cross sections, in which the crystal faces
are blurred by even comparatively minor growth of
hornblende. The 36 thin sections used for modal
analysis of rocks of the northern subgroup (2 thin
sections of each of the 18 rock samples) contain six
prismatic crystals of augite ranging from 2.3 to 3.2
mm in length, surrounded by 0.03- to 0.15-mm rims
of hornblende. The thinnest rims of hornblende in-
variably are along the prismatic faces; the rims are
sufficiently thin to conclude that four of the augite
crystals were initially bounded by euhedral prisms.
None of the original faces that terminated the six
prismatic crystals are clearly defined, but the approx-
imate location of the faces that bounded two of the
crystals is apparent. The two augite crystals that
most nearly retain their original shape were either
euhedral or almost euhedral before replacement by
hornblende commenced.

Nine small inclusions of augite in plagioclase in the
36 thin sections also verify the early crystallization of
augite. The largest inclusions are about 0.3 mm
across; all inclusions are either subhedral or euhedral.

FIGURE 2.12.—Sketch of hornblende
crystal with bleached core enclos-
ing minute inclusions of quartz
(white); black areas represent mag-
netite inclusions. Width of horn-
blende crystal is 0.8 mm.
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TABLE 2.2.—Maodes of the tonalite of Bald Mountain north of the intraplutonic contact

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; 0.0, <0.05; ---, not present]}

Specimen Quartz Potassium Plagioclase Biotite Hornblende Augite Opaque Nonopaque
number feldspar minerals accessory minerals
Tonalite of northern subgroup
R13 -=—-- 17.7 1.3 54.8 11.9 13.1 0.3 0.5 0.4
R126 ---- 17.5 .0 58.4 10.4 13.0 .1 .5 .1
R138 ---- 20.6 .9 57.1 10.6 10.1 .2 .2 .3
R139 —-==-- 21.7 2.5 56.2 10.0 9.1 .0 .2 .3
R140 ---- 18.1 1.0 54.3 12.0 13.7 .3 .3 .3
R141 ---- 23.4 2.3 52.8 10.7 10.2 .2 .2 .2
R148 ---- 22.8 3.1 50.0 10.1 13.5 .3 .1 .1
R152 =---- 20.6 1.1 59.5 12.9 5.0 .0 .7 .2
R155 ---- 23.5 2.6 50.2 11.7 11.0 .6 .2 .2
R156 ---- 24.7 .4 50.4 13.3 10.4 .0 .5 .3
R157 ---- 17.3 .2 56.2 11.4 14.1 .4 .3 .1
R158 -=-=-- 21.2 2.4 53.4 11.3 11.2 .2 .1 .2
R164 ---- 20.1 2.2 50.6 12.0 14.7 .1 .1 .2
R165 ---- 23.2 2.1 52.6 9.6 12.2 .1 .1 .1
R166 ---- 20.7 1.1 52.4 11.9 13.3 .0 .3 .3
R167 ---- 20.4 .3 53.8 11.3 13.5 .3 .3 .1
R170 ---- 20.5 2.4 53.4 10.8 12.3 .1 .3 .2
R760 ---- 16.4 .3 58.4 8.8 15.0 .5 .4 .2
Average 20.5 1.5 54.1 11.2 12.0 .2 .3 .2
Tonalite of southern subgroup
R10 —--=--- 24.8 2.0 55.8 10.5 6.4 ——— 0.3 0.2
R11 -~=-- 18.9 .3 55.3 8.9 15.8 - .6 .2
R39 =-==—= 22.3 3.7 54.7 8.9 10.1 - .2 .1
R40 —-—=-- 17.6 .9 56.7 9.4 15.0 - .2 .2
R41 -——-- 19.8 .2 55.2 9.0 15.2 —— .5 .1
R42 -~—-~- 22.2 3.2 52.3 10.5 11.3 ———— .4 .1
R43 ~---- 18.9 1.4 53.1 17.2 8.9 —-— .4 .1
122 —~=—- 22.9 1.0 54.4 10.5 10.5 - .5 .2
133 -=—-- 22.2 3.4 54.6 8.5 10.9 —— .3 .1
134 -==-- 22.6 1.6 50.3 12.5 12.4 —— .5 .1
137 ————- 20.3 2.2 56.5 8.1 12.4 - .4 .1
220 ---—~ 23.8 .7 59.9 9.3 6.0 - .2 .1
Average 21.4 1.7 54.9 10.3 11.2 ——— .4 .1
Tonalite near line A-B
R150 ---- 14.8 0.0 55.2 12.1 17.3 0.1 0.3 0.2
R151 —---- 14.4 .0 55.3 11.1 18.6 .0 .4 .2
R171 ---- 13.5 .1 54.7 11.4 19.7 .1 .4 .1
Average 14.2 .0 55.1 11.5 18.5 .1 .4 .2

The volume percentage of augite in the crystalliz-
ing magma can be crudely approximated by point
counting the areas of bleached cores, the local sieved
areas that are not bleached, the areas of hornblende
between two or more augite relicts that extinguish
simultaneously, and all relict augite as well as inclu-
sions of augite in plagioclase. This method indicates
the presence of from 0.4 to 2.3 volume percent augite

during the early crystallization history of the north-
ernmost subgroup of tonalites in the Elkhorn pluton.
Unit 1 of the Wallowa batholith (fig. 2.11) provides
the most complete documentation for comparative pur-
poses of the early crystallization of augite in the tona-
litic magmas of northeastern Oregon. Augite relicts in
hornblende are common in 78 thin sections of 39 rock
specimens, as are small inclusions of euhedral to
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subhedral augite in plagioclase. Inclusions of augite in
plagioclase in unit 1 commonly are larger than any in
the Elkhorn pluton; 11 inclusions are from 0.3 to 0.7
mm in greatest dimension, and one is 0.9 mm across.
The procedure used to determine the original content
of augite in the northern tonalites of the Elkhorn plu-
ton indicates that six tonalites of unit 1 of the Wallowa
batholith initially contained from 1.9 to 3.1 volume
percent augite.

Augite cores in hornblende were not seen in thin
sections of the southern subgroup of tonalites (table
2.2), but the former presence of augite is disclosed in
most rocks by hornblende with bleached cores that
enclose minute crystals of quartz. Accordingly, augite
was the first mafic mineral to crystallize throughout
the southern area of tonalite as well as in the north-
ern area. Lack of augite cores in the southern rocks
could be a function of earlier water saturation than
in the northern rocks and consequent replacement of
augite by hornblende.

The average modal compositions of the northern
and southern subgroups of tonalites (table 2.2) show
an abnormally small increase in the felsic components
of the rocks southward toward the intraplutonic con-
tact (or toward the central area of the Elkhorn plu-
ton). An explanation for the small change in modal
composition inward is complicated by overlying Ceno-
zoic volcanic rocks on the north and west that conceal
both interior and peripheral tonalites. Border to-
nalites on the east were mostly removed during intru-
sion of the granite of Anthony Butte. In addition, an
explanation for the small change in modal composi-
tion inward is hindered by poor exposures throughout
the area of tonalite.

The northern subgroup of tonalites may consist of
an earlier pulse of magma that slightly preceded the
emplacement of the southern subgroup of tonalites.
This possibility requires an internal intrusive contact
(approximating line A-B, fig. 2.2) and derives modal
support from low contents of quartz and potassium
feldspar and high contents of hornblende in the three
rock samples (R150, R151, and R171, table 2.2) col-
lected nearest the postulated contact. The northern
subgroup of tonalites, in addition to containing au-
gite, is characterized by plagioclase that is anti-
perthitic as seen in at least a few crystals in nearly
all thin sections. Moreover, the plagioclase in many
thin sections is clouded (Poldervaart and Gilkey,
1954). Distinctions between the plagioclase in the
northern and southern tonalites are consistent with
the probability of two tonalitic intrusions separated
by an intrusive contact near the line A-B.

The systematic changes in modal mineralogy that
typically occur inward from wallrock contacts of the
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Elkhorn pluton are well defined in the triangular
area of tonalite west of the intraplutonic contact and
north of the norite of Badger Butte (fig. 2.2). To-
nalites in this area can be divided, from south to
north, into three subgroups (table 2.3) that are at
distances from the norite contact of 0.3 to 0.5 km, 1.0
to 2.0 km, and 2.2 to 3.2 km. The most apparent sys-
tematic modal changes (table 2.3) northward in the
three subgroups are an increase in potassium feld-
spar from trace amounts to several volume percent,
an increase in quartz from about 14 to 21 volume
percent, and a decrease in hornblende from about
18.5 to 10.5 volume percent. Similar changes typical-
ly occur inward from the margins of other tonalitic
intrusions in northeastern Oregon, although the
changes are not necessarily as pronounced for an
equivalent horizontal distance as those north of the
norite of Badger Butte. Moreover, in the Cornucopia
tonalite unit in the Wallowa Mountains, the inward
increase in quartz and decrease in hornblende is ac-
companied by almost no increase in potassium feld-
spar (Taubeneck, 1967).

Outcrops of tonalite near the south contact of the
Elkhorn pluton were sampled where the contact is
best exposed to determine the modal composition of
border tonalite in contrast to other tonalite and also
in contrast to granodiorite in the core of the pluton.
Eight specimens from within 40 m of the contact
were collected westward for 12 km from Hunt Moun-
tain (fig. 2.2). Previously published modal analyses
(Taubeneck, 1957) for tonalite sampled throughout
most of the Elkhorn pluton indicate that the eight
border-rock samples (table 2.4) contain minimum
amounts of quartz and potassium feldspar and high
amounts of hornblende. Augite cores in hornblende
occur in three of the eight rock samples (table 2.4);
four of the five remaining rock samples contain horn-
blende with bleached cores that enclose minute crys-
tals of quartz.

The augite cores (in three samples) and the indirect
evidence of former augite (in four samples) prompted
an attempt to more nearly determine the original dis-
tribution of augite in the crystallizing magma south of
the intraplutonic contact. Reexamination of thin sec-
tions of rocks collected during the early 1950’ (Taube-
neck, 1957) disclosed small cores of augite in 3 rock
samples, as well as bleached cores (indicative of
former augite) in the hornblende of 21 other rock sam-
ples. The 24 rock samples are confined to the southern
and eastern parts of the batholith. Forty-six addition-
al rock samples were collected to increase sampling
density in and near this part of the batholith. Four
rock specimens in this group have augite cores in
hornblende, whereas 16 other rock specimens contain
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TABLE 2.3.—Modes of the tonalite of Bald Mountain west of the intraplutonic contact and north of the norite of Badger Butte

{Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; 0.0, <0.05]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Augite Opaque Nonopaque
number feldspar minerals  accessory minerals
Tonalite 0.3 to 0.5 km north of norite
77 ~——=-- 15.3 0.1 58.6 6.2 17.6 1.1 0.8 0.3
79 ~—===-= 12.6 .1 55.8 10.6 19.7 .3 .6 .3
80 ===—-= 13.7 .0 55.8 10.2 18.3 1.2 .5 .3
Average 13.9 1 56.7 9.0 18.5 .9 .6 .3
Tonalite 1.0 to 2.0 km north of norite
74 ~===== 17.9 0.3 57.4 11.2 12.8 0.1 0.2 0.1
75 ~====- 18.3 .4 55.7 10.8 13.9 .3 .3 .3
76 ~—=—=== 17.2 .0 53.4 12.4 16.2 .2 .4 .2
Average 17.8 .2 55.5 11.5 14.3 .2 .3 .2
Tonalite 2.2 to 3.2 km north of norite
68 ~=—=———- 19.4 1.3 53.9 12.1 11.9 1.1 0.2 0.1
68B —-—-—-— 20.1 2.0 53.2 11.4 12.7 .0 .2 .4
69 ~————=— 23.1 3.5 51.4 10.9 10.4 .2 .2 .3
70 ===——= 20.8 3.3 56.6 11.9 7.0 .0 .2 .2
72 —=————- 22.6 2.4 51.1 12.5 10.6 .3 .3 .2
Average 21.2 2.5 53.2 11.8 10.5 .3 .2 .3

TABLE 2.4.—Modes of the tonalite of Bald Mountain near the south contact of the Elkhorn pluton

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; ---, not present]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Augite Opaque Nonopaque
number feldspar minerals accessory minerals
Bl —-————- 7.6 - 65.4 9.5 16.4 0.3 0.7 0.1
B2 -—---- 19.4 -—- 62.6 11.2 7.5 - .2 .1
B3 -—=--—- 17.2 -—— 62.4 7.9 12.2 .1 .2 .1
B4 -—-——- 18.4 -—- 63.7 9.1 8.1 —-— .6 .1
B5 -—-=—- 20.1 —-——— 65.3 7.0 6.8 —— .6 .2
B6 —--—-—-- 15.2 0.2 65.8 5.6 12.5 .1 .4 .2
B7 -————- 19.5 - 61.7 10.4 8.0 - .2 .2
B8 —————— 18.7 1.2 55.8 11.3 11.4 -— .3 .3
Average 17.0 .2 62.8 9.0 10.3 1 .4 .2

the diagnostic bleached cores in hornblende that de-
note the former presence of augite.

Tonalite in which augite is known to have crystal-
lized extends west from Hunt Mountain and south-
west from Antelope Peak to about 5 km N. 80° W. of
Summit Lake. Early augite crystallization is also evi-
dent in rocks that extend northward from near Sum-

mit Lake to within about 2 km of Anthony Lake,
including the southeastern part (about 35 km2) of the
granodiorite of Anthony Lake (fig. 2.2). Thus, all to-
nalite south and southeast of the granodiorite (except
in and very near the Monumental salient) is within
the area of augite crystallization. Additional sampling
of tonalite would surely enlarge the area of known
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augite crystallization throughout the general area
from 5 to 13 km N. 50°-75° W. of Summit Lake. How-
ever, sampling density in the granodiorite is adequate
to conclude that any appreciable extension of the area
of augite crystallization farther northward in granodi-
orite is unlikely.

Tonalites of the Monumental salient (table 2.5) are
distinctly more siliceous than tonalites elsewhere in
the Elkhorn pluton at equivalent distances from pe-
ripheral contacts (tables 2.2-2.4). A precise compari-
son of modal data for different subgroups of border
tonalites would necessitate that each group be sam-
pled at identical distances from wallrocks. According-
ly, no exact comparison of modal data is feasible;
some contacts of the Elkhorn pluton are overlain by
Cenozoic volcanic rocks, whereas other contacts are
not exposed within distances of 15 to 60 m. General
comparisons of modal data are adequate, however, in
substantiating the conspicuous compositional differ-
ences between tonalite in the salient and tonalite
elsewhere in the Elkhorn pluton. The average modal
content of quartz in border rocks (0.0 to 0.5 km from
contact) of the salient is roughly between 4 and 11
volume percent more than in other parts of the plu-
ton. The average modal content of hornblende in bor-
der rocks of the salient is between 4 and 12 volume
percent less than in border rocks elsewhere in the
pluton. Interior tonalite (0.5 to 3.0 km from nearest
contact) of the salient contains about 3 volume per-
cent more quartz than tonalite from 1.5 to 3.5 km
north of the south contact of the pluton in the gener-
al area north of Summit Lake.

The high modal quartz and low modal hornblende
contents of border tonalite of the salient could have
originated from the peripheral crystallization of a
separate tonalitic magma that was more siliceous
than tonalitic magmas elsewhere in the Elkhorn plu-
ton. This possibility is supported indirectly by the in-
terpretation from structural data that the salient
originally was a satellite of the Elkhorn pluton.

Direct support for the crystallization of a more sili-
ceous magma in the Monumental salient is derived
from the absence of any evidence in hornblende for
the former presence of augite, in contrast to evidence
for the presence of augite in tonalite from nearby
parts of the Elkhorn pluton. For example, in tonalite
west of the Muddy Creek wedge and at least 3 km
north of the south contact of the Elkhorn pluton,
bleached cores containing minute crystals of quartz
occur in hornblende in eight rocks containing 23.1 to
25.6 volume percent quartz. One specimen containing
23.6 volume percent quartz also contains augite
relicts. Farther west, specimen 482 (table 2.5, fig.
2.13) containing 24.1 volume percent quartz is the

nearest tonalite to the Monumental salient showing
evidence in hornblende for the former presence of au-
gite. The salient constitutes the largest area of tonal-
ite in the Elkhorn pluton showing no evidence for the
former presence of augite. At least a few rocks of the
salient containing less than 25.6 volume percent
quartz should show such evidence if the salient crys-
tallized from the same magma as the tonalite to the
north and northeast in the main part of the pluton.

Mafic tonalite along the southwest, south, east, and
northeast contacts of the Elkhorn pluton grades in-
ward, across a wide transitional zone, to granodiorite
in the central part of the exposed pluton. On the north
and northwest the intraplutonic contact abruptly sep-
arates tonalite on the north from a more felsic rock on
the south that generally is granodiorite. Pertinent re-
lations are defined in figure 2.13 by the content of
potassium feldspar in specimens of tonalite, granodio-
rite, and rocks transitional between typical tonalite
and typical granodiorite. Corresponding modal analy-
ses are given in tables 2.5, 2.6, and 2.7.

An arbitrary unit boundary between the tonalite of
Bald Mountain and the granodiorite of Anthony Lake
is shown in figures 2.2 and 2.13; a more precise
boundary would require the collection of additional
samples, especially from north and northeast of Nip
and Tuck Pass (fig. 2.2), east and northeast of Chick-
en Hill, and west of Antelope Peak. Moreover, the
present study reveals that modal analyses of only
two thin sections of specimens that are borderline in
composition between tonalite and granodiorite will
introduce significant errors for the purposes of no-
menclature in perhaps as many as a third of the
specimens. Potassium feldspar contents in two thin
sections of the same rock differ by less than 15 per-
cent of the smaller value in about half of the rock
samples but by more than 45 percent in a quarter of
the rock samples. Trial and error shows that varia-
tions by even 45 to 95 percent in potassium feldspar
content from one thin section to another are of little
consequence in a mode that is the average of tabula-
tions from five thin sections. Therefore, a rigorous de-
termination of the geographic distribution of the
tonalite of Bald Mountain and the granodiorite of
Anthony Lake would require perhaps as many as five
thin sections for all specimens in the gradational
zone between tonalite and granodiorite. Other consid-
erations pertaining to modal variations in thin sec-
tions of granitic rocks were reviewed by Emerson
(1964).

Distinet mineralogic and textural differences occur
in rocks along the south side of the intraplutonic con-
tact. Granodiorite predominates, and most textural
differences occur within 250 m of the contact. Some
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TABLE 2.5.—Modes of the tonalite of Bald Mountain in the border and interior of the Monumental salient, in
the area of the neck between the salient and the main part of the Elkhorn pluton, and in the remaining parts
of the Elkhorn pluton

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; 0.0, <0.05; ---, not present)

Specimen Quanz Potassium Plagioclase Biotite Hornblende Opaque Nonopaque
number feldspar minerals  accessory minerals

Border tonalite (0.0 to 0.5 km from contact) of the Monumental salient

404 -=—-—- 21.5 0.8 62.8 9.9 4.8 0.1 0.1
411 -—--- 25.5 1.3 60.6 7.0 5.4 .1 .1
412 —-——-- 25.5 .1 62.8 5.7 5.2 .5 .2
413 ——--- 23.9 —-—— 61.3 4.5 10.0 .2 .1
414 —--—--- 27.9 —-—= 54.7 11.5 5.7 .0 .2
415 —-=---- 25.4 .4 56.0 11.7 6.4 -— .1
416 —--—-- 26.0 .2 56.9 10.5 6.0 .3 .1
417 —----- 26.7 .8 59.2 8.3 4.6 .3 .1
418 —-—~—- 24.7 .8 55.7 11.2 7.4 .1 .1
419 ----- 27.3 1.9 57.6 8.3 4.2 .5 .2
460 ==~-- 19.6 —— 62.5 8.9 8.7 .2 .1
469 —==—- 20.6 e 61.2 8.8 9.2 .1 .1
490 ==w-- 24.9 - 60.4 9.1 5.3 .1 .2
491 --~--- 28.0 .1 55.7 9.7 6.3 .1 .1
493 —---—= 24.3 - 57.3 10.6 7.5 .1 .2

Average 24.8 .4 59.0 9.1 6.4 .2 .1

Interior tonalite (more than 0.5 km from contact) of the Monumental salient

400 ----- 25.7 0.2 59.9 8.9 5.0 0.2 0.1
401 -——-- 26.6 1.5 59.6 8.7 3.1 .4 .1
402 —-—=-- 27.4 1.0 57.6 9.4 3.6 .7 .3
403 —=-=-- 28.5 1.4 56.8 9.6 3.3 .3 .1
405 —-——-- 28.1 .2 58.2 8.9 4.1 .4 .1
406 ——=——— 27.5 1.2 61.0 6.5 3.2 .5 .1
407 —-—-—-— 27.2 1.2 59.8 7.2 3.8 6 .2
408 ----- 28.0 .8 60.1 7.2 3.4 .3 .2
409 ~-=--- 24.9 1.9 61.5 7.6 3.7 3 .1
410 —==-- 22.7 .1 58.8 10.1 7.7 .4 .2
422 ~=——- 25.5 .4 60.6 7.5 5.2 .7 .1
423 -—=-= 28.4 .7 60.3 5.0 5.2 .3 .1
425 —-—=-- 27.2 1.0 60.8 7.5 3.3 .1 .1
426 -———-— 25.3 1.6 59.3 7.4 5.8 .5 .1
427 —==—= 24.4 .8 60.5 9.1 4.7 -4 .1
428 —=m-- 29.0 .5 59.4 7.3 3.6 .1 .1
429 —=--- 27.3 .6 58.7 8.1 5.2 .0 .1
463 ~==-- 27.3 .5 58.9 8.2 5.0 .0 .1
464 ---—- 23.2 1.1 58.1 10.0 7.5 -—- .1
467 —==-- 29.8 .7 56.4 6.7 5.5 .7 .2
468 —~=-—— 28.7 3.1 57.5 8.4 2.1 .1 .1
483 —-~—-- 26.1 2.7 54.6 9.2 7.3 -— .1
492 —~-=- 26.9 .6 57.5 10.0 4.7 .1 .2

Average 26.8 1.1 58.9 8.2 4.6 3 .1

Tonalite in the area of the neck between the salient and the main part of the Elkhorn pluton

431 --—--- 24.5 1.5 61.2 8.1 4.7 -—= 0.0
442 -~—-—- 24.0 .9 60.2 8.9 6.0 .0 .0
443 --——- 27.3 2.0 59.4 7.5 3.7 - .1
444 --—--- 25.1 1.4 60.2 8.2 5.1 -—— .0
446 -—--- 24.3 1.8 56.1 7.9 9.7 .1 .1
449 ----- 20.7 1.5 59.9 7.7 10.0 .1 .1
462 —----- 24.2 .1 61.2 6.5 7.9 .0 .1
475 —==-= 23.9 2.1 61.6 7.9 3.8 .6 .2

Average 24.2 1.4 60.0 7.8 6.4 .1 .1

Table continued on next page.
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TABLE 2.5.—Modes of the tonalite of Bald Mountain in the border and interior of the Monumental salient, in
the area of the neck between the salient and the main part of the Elkhorn pluton, and in the remaining parts

of the Elkhorn pluton—Continued

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections; 0.0, <0.05; ---, not present]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Opaque Nonopaque
number feldspar minerals  accessory minerals
Tonalite in the remaining parts of the Elkhorn pluton
31 ——-———-— 27.1 3.2 53.6 9.6 6.0 0.4 0.1
32 ———=—~ 20.1 .8 57.4 5.7 15.3 .5 .2
34 ——=——- 23.7 3.4 58.3 8.6 5.2 .5 .3
35 —-—=—-- 25.4 2.4 60.7 6.7 4.1 .5 .2
37 —=———=—- 26.0 3.5 56.6 6.8 6.2 .6 .3
38 —————- 24.4 3.2 56.3 8.3 7.1 .5 .2
45 ———=—=-- 19.8 1.8 58.6 7.5 11.4 .6 .3
46 ———-——- 23.9 2.3 55.4 8.4 9.0 .7 .3
62 ———=-- 22.9 2.8 55.9 11.0 6.4 .7 .3
78 ——==== 27.3 1.4 57.4 10.4 3.1 .2 .2
89 -——-—- 23.5 3.1 57.4 9.1 6.0 .7 .2
90 -—-===~ 23.2 .6 60.6 8.3 6.7 .4 .2
98 -—=--- 27.5 1.9 53.3 9.2 6.6 1.0 .5
100 -=--- 25.6 1.4 58.2 7.5 6.4 .5 .4
116 -——-~ 19.7 .6 55.9 9.2 14.3 .2 .1
158 —==-- 24.4 1.8 54.6 9.5 9.2 .4 .1
167 —-——-- 26.7 2.2 55.4 8.7 6.3 .6 .1
169 —=—=-- 26.4 3.1 57.5 7.9 4.5 .4 .2
174 -——-- 10.6 - 59.8 10.9 17.9 .6 .2
220 ----- 23.8 .7 59.9 9.3 6.0 .2 .1
246 ~——--- 21.3 1.2 61.2 6.7 9.2 .3 .1
247 ----- 20.3 1.3 56.7 10.1 10.9 .6 .1
248 ----- 26.3 1.4 59.2 7.2 5.2 .5 .2
250 ~=---- 21.3 .8 62.1 8.3 7.4 .0 .1
251 -=---- 21.6 3.6 55.8 10.1 8.0 .8 1
252 —-—-——- 22.5 1.6 59.7 7.9 8.0 .2 .1
254 ----- 19.2 1.8 58.9 8.2 11.2 .6 .1
255 -—-—--—- 19.8 .4 57.2 10.4 11.4 .7 .1
256 ——---- 19.6 .2 57.0 9.4 13.0 .6 .2
257 —-—=—- 20.5 .7 59.7 9.3 9.4 .2 .2
258 -—--—- 20.6 .7 58.6 10.7 8.9 .4 .1
259 —----- 21.5 1.7 57.0 9.4 9.9 .3 .2
264 --—-- 21.2 1.5 58.7 8.1 9.9 .5 .1
265 ----- 17.8 1.1 60.2 9.0 11.5 .3 .1
271 -—-—-- 20.9 .3 57.1 9.5 11.2 .8 .2
470 ~---- 25.9 2.3 56.5 8.4 6.3 .4 .2
471 —---—- 26.1 1.6 57.4 7.2 7.3 .3 .1
472 ——-—- 19.4 .5 58.4 9.1 12.0 .4 .2
473 —=—-= 18.1 - 50.0 11.9 19.5 .4 .1
482 -~——- 24.1 3.7 59.2 7.8 4.1 .9 .2
530 -——==- 24.1 4 59.8 5.9 4.9 .9 .3
Average 22.5 1.7 57.6 8.7 8.8 .5 .2

rocks are considerably finer in grain size than nor-
mal granodiorite, whereas others are slightly coarser.
Mineralogic differences are less obvious, but well-de-
fined megascopic variations in color index and, espe-
cially, hornblende content occur at least as far as 450
m from the contact, and variations in mineral propor-
tions not recognized in the field are apparent by
modal analysis. For example, 3 of 10 specimens from
a 4-km? area just south of the intraplutonic contact
are tonalites containing 2.0, 2.4, and 3.0 volume per-
cent potassium feldspar, respectively (specimens 160,

111, 213, table 2.7, fig. 2.13). Specimen 111 was col-
lected only 15 m from specimen 110 (7.3 volume per-
cent potassium feldspar) and could not be separately
shown at the scale of figure 2.13. Five thin sections
were used to obtain modal data for each of the three
aberrant tonalite samples as well as for specimen
110. Therefore, the low values for potassium feldspar
in the three tonalite samples were adequately veri-
fied, as was the absolute difference of about 5 percent
modal potassium feldspar between specimens 110
and 111 collected within 15 m of each other.
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A disproportionately large amount of quartz is a
further mineralogic variation in some specimens of
granodiorite from within 1.5 km of the intraplutonic

erage of analyses of five thin sections for each of three
contact. Modal percentages for quartz that are an av-

rock samples are 32.5, 31.6, and 32.6 volume percent,
respectively (specimens 110, 159, 212, table 2.7, fig.
2.13). The very high values for modal percentages of
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TABLE 2.6.—Modes of rocks transitional between the tonalite of Bald Mountain and the granodiorite of
Anthony Lake

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Opaque Nonopaque
number feldspar minerals  accessory minerals
29 —-—=—= 23.6 4.8 51.4 9.8 9.4 0.7 0.3
30 ====—- 22.8 5.3 55.2 8.3 8.0 .3 .1
33 -=—~——- 24.1 4.5 55.9 9.7 5.0 .6 .2
36 —=—=—- 24.6 6.3 54.8 0.3 3.2 .6 .2
39 ~=—=—- 29.1 3.4 54.7 7.4 4.4 .7 .3
40 ————-- 29.1 5.7 53.7 6.8 3.9 .6 .2
41 --~=—- 26.5 5.1 57.5 6.9 3.4 .4 .2
42 —————- 27.0 5.3 57.1 5.8 4.1 .5 .2
57 —==——- 26.7 4.8 54.9 7.4 5.9 .2 .1
58 ——==—= 27.5 5.3 50.4 7.9 8.3 .4 .2
59 —er——- 29.2 5.1 51.1 1.0 2.9 .5 .2
60 =————-— 22.2 2.8 62.0 6.7 5.2 .7 .4
63 —————=— 28.0 5.9 48.6 8.9 8.1 .4 .1
64 —————- 28.0 6.0 53.5 7.9 4.1 .4 .1
65 ———=—= 28.3 5.3 54.2 6.8 4.7 .5 .2
101 --=--- 25.5 2.9 59.2 7.3 4.5 .4 .2
120 —-==-- 27.7 5.3 54.9 7.8 3.7 .4 .2
121 --=-—— 29.7 5.5 52.5 5.9 5.5 .7 .2
135 —-===- 26.2 4.6 53.4 9.9 4.9 .7 .3
162 —=—=—-— 26.3 4.7 54.7 8.5 5.2 .4 .2
163 «===w-— 26.3 4.0 53.8 9.9 5.6 .3 .1
164 -———- 29.2 4.8 52.7 8.6 4.0 .6 .1
165 —==--— 30.0 3.1 51.8 9.7 4.7 .4 .3
166 —=——-— 29.4 5.9 50.2 7.9 6.2 .3 .1
170 =-==-- 28.2 5.1 48.3 0.0 7.5 .6 .3
172 —==—- 28.8 2.9 51.4 9.4 6.4 .9 .2
173 —===- 28.8 6.7 53.0 7.2 3.8 .4 .1
178 —-—--- 26.1 5.7 52.2 9.8 5.6 .5 .1
194 —--=—- 28.7 4.3 51.9 8.6 6.0 .4 .1
195 —===- 30.6 3.4 51.9 7.5 5.9 .5 .2
198 —=——- 24.7 4.1 55.8 8.3 6.2 .6 .3
199 -==—- 27.2 3.4 52.3 8.1 8.3 .5 .2
215 ——=~—= 27.6 6.1 52.4 7.1 6.2 .5 .1
217 —=—=-- 27.3 6.8 50.3 8.1 7.1 .3 .1
269 —-———- 27.9 4.4 53.5 8.9 4.8 .3 .2
Average 27.2 4.8 53.5 8.3 5.5 5 2

quartz in rock specimens such as these and the low
values for potassium feldspar in other specimens are
not understood, but general proximity to the intraplu-
tonic contact suggests that the variations are related
to this intrusive contact. Careful sampling and de-
tailed field studies near the contact are essential be-
fore relations can be adequately appraised. The
variations may result from perturbations in magma
chemistry that resulted from surging and mixing prior
to crystallization.

The most felsic rocks of the granodiorite core of the
Elkhorn pluton occur in an area of about 2 km? just
west and southwest of Anthony Lake. Modal analyses
of five rock samples from this area are given in table
2.8. The average content of both potassium feldspar
and quartz for these five samples is generally from 1
to 3 volume percent higher than in rocks from other
areas near Anthony Lake, whereas the content of
hornblende is from 0.5 to 2.5 volume percent lower.

Many crystals of hornblende throughout most of the
Elkhorn pluton south of the intraplutonic contact are
strongly corroded where they are in contact with ei-
ther quartz or potassium feldspar; resorption is great-
est where hornblende is completely surrounded by one
or both minerals. Obviously, hornblende was not sta-
ble in the rest magma of rocks that contain a relative-
ly high content of quartz and potassium feldspar. The
low average content of hornblende for the five speci-
mens (table 2.8) near Anthony Lake together with the
high average contents of quartz and potassium feld-
spar suggests that the low content of hornblende may
be partly a function of greater resorption in this area
rather than less crystallization of hornblende.

The most felsic rocks (table 2.8) of the granodiorite
core contain more quartz than equivalent parts of the
four similarly zoned units that grade from mafic tonal-
ite to granodiorite in the Wallowa batholith (fig. 2.11),
which is about 70 km to the northeast of the northern
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TABLE 2.7.—Modes of the granodiorite of Anthony Lake and the three aberrant rock specimens
of tonalite (111, 160, 213) just south of the intraplutonic contact

[Values in volume percent. Table includes all rock specimens collected inside approximate boundary between granodiorite
of Anthony Lake and tonalite of Bald Mountain (fig. 2.13). Rock specimen 111 was collected 15 m from specimen 110
and could not be shown separately at scale of figure 2.13. Modal analyses for rock specimens 110, 111, 159, 160, 212,
and 213 represent at least 2,400 point counts for each of five thin sections; all other analyses represent at least 2,400
point counts for each of two thin sections]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Opaque Nonopaque
feldspar minerals  accessory minerals

7.3 50.4 9.8 3.9 0.8 0.3
7.1 53.8 7.6 4.7 .4 .2
4.8 55.7 9.5 4.8 .8 .2
5.3 55.6 9.5 3.5 .8 .2
7.0 52.1 6.9 4.2 .5 .4
5.3 52.9 7.5 4.3 .5 .3
6.8 51.4 9.6 5.7 .8 .2
6.8 54.1 7.2 4.8 .6 .1
6.7 53.5 6.1 3.5 .7 .3
6.7 53.6 7.1 2.7 .3 .2
5.1 56.3 6.1 4.7 .5 .3
8.5 53.9 7.4 3.1 .5 .1
7.6 51.8 7.9 4.7 1.1 .2
7.2 52.8 8.1 4.1 .5 .2
5.1 55.2 7.4 4.8 .8 .4
7.2 55.3 8.3 4.4 .4 .3
6.8 53.9 8.7 3.8 .4 .2
8.4 55.3 6.9 2.9 .6 .1
9.7 53.2 7.3 2.4 .4 .2
6.1 53.3 8.9 2.4 .4 .2
5.9 59.5 6.4 2.7 .7 .2
6.6 52.3 6.6 4.7 .7 .3
5.7 56.6 6.9 3.1 .5 .3
8.1 53.8 7.3 2.1 .9 .2
6.2 56.4 4.8 4.1 .6 .1
9.7 47.2 7.1 5.7 .6 .3
5.2 55.1 7.2 5.7 .8 .4
7.1 56.1 7.2 3.9 .7 .3
5.6 54.3 7.5 5.3 .5 .2
7.1 51.8 6.4 5.3 .6 .2
6.9 49.3 9.8 5.7 .7 .3
7.1 49.8 8.6 6.1 .6 .2
7.4 50.6 5.9 6.6 .6 .2
9.8 48.8 7.8 3.7 .7 .3
6.8 52.4 6.3 4.1 .5 .2
8.1 56.7 7.1 3.9 .4 .2
7.0 51.8 7.7 3.8 .5 .2
6.7 55.6 6.0 3.5 .5 .2
5.9 55.0 7.2 5.8 .8 .2
10.0 51.2 5.5 3.0 .3 .2
7.3 49.2 8.0 2.4 .5 .1
7.7 51.3 7.9 2.3 .8 .3
5.3 55.3 5.6 4.7 .5 .3
8.1 52.5 7.3 4.5 .5 .2
9.4 48.5 7.7 2.4 .4 .1
8.6 50.6 7.4 5.0 .5 .2
8.4 47.6 8.6 3.8 .4 .1
7.0 47.9 9.1 6.4 .6 .2
6.6 51.3 8.0 3.6 .5 .2
4.2 55.6 6.0 5.6 .8 .3
6.9 50.4 8.9 5.0 .7 .2
6.7 51.4 7.8 5.0 .5 .2
7.3 47.6 6.9 5.7 .5 .2
8.2 50.1 8.1 4.9 .6 .3
7.5 54.9 6.5 4.1 .3 .2
6.9 51.2 6.6 5.8 .2 .1
4.7 54.5 6.4 3.6 .4 .1
12.7 45.3 6.5 2.4 .3 .2
8.5 49.8 7.4 3.6 .5 .2
8.2 49.7 7.7 2.7 .5 .2
9.3 51.3 8.1 2.6 .5 .1
7.9 49.1 7.8 4.2 .5 .1
11.3 49.5 6.3 4.2 .4 .1
7.0 50.2 7.3 3.2 .8 .3

Average 28.0 7.2 52.4 7.4 4.2 6 2

Aberrant specimens of tonalite just south of the intraplutonic contact

111 -————~ 25.7 2.4 59.2 7.6 4.7 0.3 0.1
160 —~-—-- 28.5 2.0 52.5 9.6 6.7 .5 .2
213 ---—- 26.7 3.0 58.3 7.6 3.8 4 .2

Average 26.9 2.5 56.6 8.3 5.1 .4 .2
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TABLE 2.8.—Modes of the granodiorite of Anthony Lake in the Bald Mountain batholith near Anthony Lake
compared with modes of core granodiorite of units 2 and 4 of the Wallowa batholith, northeastern Oregon

[Values in volume percent. Each analysis represents at least 2,400 point counts for each of two thin sections]

Specimen Quartz Potassium Plagioclase Biotite Hornblende Opaque Nonopaque
number feldspar minerals  accessory minerals
Core granodiorite (near Anthony Lake), Bald Mountain batholith
A7 —————- 31.0 8.2 49.7 7.7 2.7 0.5 0.2
A8 —==——— 28.1 9.3 51.3 8.1 2.6 .5 .1
A9 ~———~—- 30.4 7.9 49.1 7.8 4.2 .5 .1
Al0 ----- 28.2 11.3 49.5 6.3 4.2 .4 .1
All -=——-- 31.2 7.0 50.2 7.3 3.2 .8 .3
Average 29.8 8.7 50.0 7.4 3.4 5 2
Core granodiorite of unit 2, Wallowa batholith
116 ----- 24.5 9.4 49.4 8.9 6.8 0.7 0.3
272 -——-- 24.1 9.1 52.7 9.0 4.6 .3 .2
273 —=—=—=- 25.5 12.2 48.9 8.3 4.5 .4 .2
289 ——==-- 26.4 8.4 47.9 8.9 7.6 .6 .2
290 -=--- 24.6 11.2 48.7 9.3 5.6 .4 .2
Average 25.0 10.1 49.5 8.9 5.8 5 2
Core granodiorite of unit 4, Wallowa batholith
765 —-~=-- 29.6 15.0 45.2 6.5 2.8 0.6 0.3
766 ————-— 28.0 18.0 41.7 6.9 4.7 .4 .3
767 —=——- 27.7 14.6 45.1 7.5 4.5 .3 .3
768 —=——=— 27.0 10.9 47.5 8.4 5.7 .3 .2
779 —=——- 25.0 10.7 49.5 6.1 7.6 .6 .5
Average 27.5 13.8 45.8 7.1 5.1 4 3

part of the Elkhorn pluton. For example, five rock
samples from the granodiorite core near Anthony Lake
contain an average of 29.8 volume percent quartz,
whereas five samples from the core of unit 2 of the
Wallowa batholith (Taubeneck, 1987) contain an aver-
age of 25.0 volume percent quartz, and five samples
from the core of unit 4 contain an average of 27.5
volume percent quartz (table 2.8). The comparatively
high content of quartz in both the granodiorite of An-
thony Lake and the younger felsic intrusions of the
Bald Mountain batholith suggests a genetic relation-
ship between these silica-rich granitic units.

ASSIMILATION OF GRAPHITE-BEARING METASEDIMENTARY
ROCKS IN ELKHORN PLUTON

The higher content of modal quartz in tonalite of the
Monumental salient (table 2.5) than in tonalite else-
where in the Elkhorn pluton apparently resulted from
the intrusion of a separate and more siliceous magma

(see previous section, “Comparative Modal Composi-
tions and Crystallization of Augite”). Assimilation of
siliceous metasedimentary rocks may also have con-
tributed to the high content of modal quartz in rocks
of the Monumental salient. Xenoliths of siliceous met-
asedimentary rocks are relatively common throughout
most of the salient, and the rounded shapes of many
xenoliths indicate assimilation.

Thin sections of tonalite containing red-brown bio-
tite and low amounts of modal iron oxide support the
interpretation that metasedimentary rocks were as-
similated into the Monumental salient, as well as into
many other granitic intrusions in the Elkhorn Moun-
tains. Both the red-brown biotite and the low modal
iron oxide c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>